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ABSTRACT
MARKERLESS KINEMATICS OF PEDIATRIC MANUAL
WHEELCHAIR MOBILITY
Jacob R. Rammer, M.S.
Marquette University, 2017
Pediatric manual wheelchair users face substantial risk of orthopaedic injury to the upper
extremities, particularly the shoulders, during transition to wheelchair use and during growth and
development. Propulsion strategy can influence mobility efficiency, activity participation, and
quality of life. The current forefront of wheelchair biomechanics research includes translating
findings from adult to pediatric populations, improving the quality and efficiency of care under
constrained clinical funding, and understanding injury mechanisms and risk factors. Typically,
clinicians evaluate wheelchair mobility using marker-based motion capture and instrumentation
systems that are precise and accurate but also time-consuming, inconvenient, and expensive for
repeated assessments. There is a substantial need for technology that evaluates and improves
wheelchair mobility outside of the laboratory to provide better outcomes for wheelchair users,
enhancing clinical data. Advancement in this area gives physical therapists better tools and the
supporting research necessary to improve treatment efficacy, mobility, and quality of life in
pediatric wheelchair users.
This dissertation reports on research studies that evaluate the effect of physiotherapeutic
training on manual wheelchair mobility. In particular, these studies (1) develop and characterize a
novel markerless motion capture-musculoskeletal model systems interface for kinematic
assessment of manual wheelchair propulsion biomechanics, (2) conduct a longitudinal
investigation of pediatric manual wheelchair users undergoing intensive community-based
therapy to determine predictors of kinematic response, and (3) evaluate propulsion patterndependent training efficacy and musculoskeletal behavior using visual biofeedback.
Results of the research studies show that taking a systems approach to the kinematic
interface produces an effective and reliable system for kinematic assessment and training of
manual wheelchair propulsion. The studies also show that the therapeutic outcomes and
orthopaedic injury risk of pediatric manual wheelchair users are significantly related to the
propulsion pattern employed. Further, these subjects can change their propulsion pattern in
response to therapy even in the absence of wheelchair-based training, and have pattern-dependent
differences in joint kinematics, musculotendon excursion, and training response. Further clinical
research in this area is suggested, with a focus on refining physiotherapeutic training strategies
for pediatric manual wheelchair users to develop safer and more effective propulsion patterns.
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CHAPTER 1: INTRODUCTION

1.1 Chapter Introduction
In response to a substantial need for innovation and research on pediatric manual
wheelchair propulsion biomechanics and rehabilitation, a series of research studies are conducted.
This dissertation is structured with five chapters: an introductory chapter, three chapters
describing individual development and research aims, and a discussion chapter, along with
appendices providing more detail on select aspects of the work. Each of the three aim chapters is
structured toward and intended for submission individually as journal manuscripts. Chapter 1
details the impetus for performing this work, provides an overview of the background knowledge
required for accomplishing the research, and outlines each of the individual aims.
1.2 Statement of Purpose
It is known that pediatric manual wheelchair users face substantial risk of pain and
orthopaedic injury to the upper extremities, particularly the shoulders, during transition to
wheelchair use and during periods of growth and development. Additionally, the propulsion
strategy used can influence mobility efficiency, activity participation, and quality of life in these
children. Propulsion strategies and biomechanics differ in pediatric populations from adults
(Schnorenberg et al., 2014), suggesting the need for specialized research into pediatric wheelchair
users. The current forefront of wheelchair biomechanics research includes translation of findings
from adult to pediatric populations, improvements in the quality and efficiency of care under
constrained clinical funding, and a focus on understanding injury mechanisms and risk factors in
this population.
Typical laboratory methods to evaluate manual wheelchair mobility consist of markerbased motion capture and instrumentation systems that are precise and accurate but also timeconsuming, inconvenient to subjects, and expensive for repeated assessments. There is a
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substantial need for a technology to evaluate wheelchair mobility outside the traditional
laboratory setting to provide improved clinical data for treatment responsiveness and point-ofcare outcomes assessment. Additionally, research in adults has identified propulsion patterns that
minimize injury risk and maximize efficiency, but pediatric research has yet to identify an
optimal strategy. Advancement in this area will give physical therapists better tools necessary to
prescribe effective therapy protocols and improve the mobility and quality of life in pediatric
wheelchair users, by incorporating research results into their plan of care.
1.3 Project Background and History
The project began in 2013, when, in order to improve standardized task evaluation in
individuals with hemiplegic cerebral palsy, a new motion analysis platform using the Kinect was
developed, including skeletal tracking and kinematic evaluation of hand and arm motion.
Laboratory-based technical evaluations showed the system could accurately and reliably
determine upper extremity joint angles. A comparative study using the Shriners Hospital Upper
Extremity Evaluation showed the system was accurate, reliable, and simple to operate clinically
in evaluation of upper extremity performance using standardized clinical tasks (Rammer et al.,
2014). Systems benefits include low cost, high portability, and markerless operation when
compared to typical clinical systems. Initial limitations included lack of detection of certain
motions of the arm and hand and issues with object obstruction. These issues were resolved by
the second generation of Kinect hardware.
Alongside the release of the second generation Kinect, the project saw a shift in direction
toward manual wheelchair propulsion in 2014. Technological development progressed, leading to
a novel mechanical wheelchair platform, which is detailed in Appendix A. Then, the project was
brought to the National Science Foundation I-Corps program to analyze the business potential of
several of the underlying developments. The program required many interviews of potential users
and the information gained was valuable in directing the project, allowing identification of a
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realistic set of user needs for the technology. More details on the I-Corps results are provided in
Chapter 2. The experience provided detailed information on the technological needs and research
interests of physical therapists, leading to a new direction for the research, and forming the basis
for this dissertation. Participation in global clinical outreach endeavors has also influenced the
project significantly. Installation of motion analysis equipment in international clinics has
demonstrated the need for effective and efficient technology to improve clinical care and research
outcomes in communities in need throughout the world.
1.4 Markerless Motion Capture with the Microsoft Kinect
Typical laboratory motion capture systems have highly accurate and sensitive detection
of motion, but also are time-consuming, costly, and have a large marker set. This complexity in
the models promotes precision and accuracy but also leads to high costs for the equipment and
assessments. There is a need in current practice for technology capable of evaluating mobility
outside the motion analysis lab setting. The markerless system developed in this project is not
intended to compete with these laboratory systems, but rather enhance the capability of
organizations by providing quick and cost-effective assessments. The system is more adaptable to
a wider array of usage scenarios and locations than a typical fixed motion laboratory.
The markerless system uses the Microsoft Kinect, a low-cost, portable video game sensor
that detects and records body motion. The Kinect contains a pair of infrared depth sensors and a
standard RGB camera which allow three-dimensional object detection. Real-time algorithms
allow the software to locate and track prominent skeletal features including joint centers based on
a surface map of the body, thus allowing software to achieve markerless skeletal tracking. The
defining traits of the Kinect, including its low cost, portability, and markerless operation, give it
advantages over traditional motion analysis systems for use outside the laboratory.
The Kinect has been shown to have accuracy approximately one order of magnitude
lower than the Vicon kinematic motion analysis system, with RMS error of 7.7 mm on average
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versus the calibrated Vicon (Dutta, 2012). A goniometric assessment study evaluated the Kinect
sensor’s ability to detect and differentiate joint angles. This study found the system can accurately
detect joint angles (5.7% standard deviation from actual fixed joint angle) (Rammer, 2014).
Additional studies comparing the Kinect version 1.0 to marker-based motion analysis technology
show detected ranges of motion are different between the systems, but the Kinect provides
reproducible, consistent measurements (Bonnechere, 2014 and Huber, 2015). The Kinect sensor
has also been shown to have test-retest reliability for normal subjects and stroke patients (Mobini,
2015). A study comparing the Kinect sensor to a motion analysis laboratory using a static testing
apparatus showed joint angle measurements within 2 degrees, and test-retest reliability of the
Kinect at 1.1 degrees (Schmitz, 2014). These studies suggest that the Kinect is a reliable
measurement system for community-based quantitative assessments of joint kinematics. The
second generation Kinect sensor is the most recent consumer-grade markerless motion capture
sensor on the market, and represents a significant performance increase relative to the first
generation hardware. Further development is expected to improve the efficacy of these
applications.
1.5 Upper Extremity Musculoskeletal Modeling
Data acquired by the markerless system is used by OpenSim, an open-source
musculoskeletal modeling software toolbox that is adaptable to many types of biomechanics
research (Delp et al., 2007). Musculoskeletal models developed using OpenSim are open-source
and available for research use. These models can be gross (whole-body or upper or lower
extremities) or detailed (a specific joint), with the former used for human motion assessment and
the latter used for studying specific aspects of joint biomechanics. Model selection is an
important consideration in conducting an appropriate analysis. Since OpenSim operates
iteratively, it is key to limit the model to only the parameters of interest to improve the accuracy
of the computation, as well as reduce the number of iterations and computational time required to
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complete the analysis. This project uses a unilateral upper extremity model (Saul et al., 2014)
containing the torso and one upper extremity, providing the level of detail necessary to analyze
wheelchair propulsion kinematics. The model also includes musculotendon components which, in
addition to triaxial joint kinematics, provides clinicians and researchers with insight on how
muscle movements contribute to the broader upper extremity motion. The model selection
process is detailed in Chapter 2.
1.6 Wheelchair Propulsion Biomechanics
The incidence of overuse injury is substantial among manual wheelchair users with
61.5% of adult individuals aged 18-65 reporting shoulder pain (Boninger et al., 2005; Finley et
al., 2004). Injury at the shoulder is more likely than other UE joints because shoulder motion
contributes the highest joint moment during manual wheelchair propulsion. Common injuries
include supraspinatus tendinosis, bursitis, labral tears, degenerative arthrosis, edema, and
ligament thickening (Sabick et al., 2004; Morrow et al., 2014).

Figure 1-1: Common Propulsion Patterns - SC (a), SLOP (b), DLOP (c), and ARC (d)
(Boninger et al., 2005) – propulsion from right sagittal view with lines indicating hand contact
and release from pushrim, and arrows indicating the portion of the cycle with hand in contact
with pushrim
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In an attempt to reduce injury risk, four common upper extremity propulsion patterns
have been identified in the adult population of manual wheelchair users. Pattern identification
used motion capture to collect two-dimensional passive marker trajectories representing hand
kinematics in the anterior-posterior and superior-inferior directions (Boninger et al., 2002). The
patterns, depicted in Figure 1-1, include:
•

arcing (ARC)—the hand remains along the path of the pushrim during recovery;

•

semicircular (SC)—the hand drops below the pushrim during recovery;

•

single-looping-over (SLOP)—the hand moves above the pushrim during recovery; and

•

double-looping-over (DLOP)—the hand moves above, then below, the pushrim during
recovery (Boninger et al., 2002).
Differences in muscle demand and fatigue, based on SIMM (Software for Interactive

Musculoskeletal Modeling) forward dynamics simulations (Rankin et al., 2012) and mechanical
and metabolic efficiency, using power and VO2 output measurements, respectively, have been
identified when comparing the different propulsive patterns in adult manual wheelchair users (de
Groot et al., 2008). However, further research needs to be conducted to determine the propulsion
strategies of a pediatric population of manual wheelchair users.
In current clinical practice, guidelines published for adult manual wheelchair users are
used by care providers to minimize injury risk among their clients who use manual wheelchairs.
One primary source for this information is “Preservation of Upper-Limb Function Following
Spinal Cord Injury: A Clinical Practice Guideline for Health-Care Professionals” (Consortium for
Spinal Cord Medicine, 2005). The guidelines specifically promote lower propulsion frequency,
minimized extreme positioning of the wrist and shoulder, proper wheelchair adjustment, and the
specific use of the semicircular propulsion pattern and avoidance of the arcing pattern. The
guideline also recommends flexibility and resistance training.

7
The manual wheelchair guideline has several important limitations with regard to the
present studies. It is designed for adult wheelchair users with spinal cord injury (SCI). While that
population represents a significant percentage of all manual wheelchair users, pediatric patients
and those with other disorders are not included. When recommending semicircular propulsion,
only sparse evidence is provided, and only from the adult SCI literature. The guidelines do not
discuss how the type of propulsion task and the environment of the user can influence this
recommendation.
Information regarding shoulder dynamics associated with overuse-injury, including
temporal-spatial parameters, three-dimensional kinematics and muscle-tendon excursions has yet
to be provided by current literature. However, typical biomechanics of pediatric manual
wheelchair users with SCI has been demonstrated (Slavens et al., 2015). This information is
usually collected by motion capture technologies that have both benefits and limitations.
Although motion capture systems are highly accurate and sensitive to change over time,
evaluations are often time-consuming, costly, and require markers affixed to the test subject.
There is currently no markerless, low-cost system that can quantitatively assess upper extremity
kinematics during wheelchair propulsion.
1.7 Hypotheses and Specific Aims
In order to expand wheelchair biomechanics research and clinical care to settings outside
the laboratory, a novel motion analysis system must be developed. Key software and hardware
components of the system include two Microsoft® Kinect® version 2.0 motion sensors and
software development kit (Microsoft Corporation, Redmond, WA), two desktop PCs (HewlettPackard Company, Palo Alto, CA), OpenSim musculoskeletal modeling software (National
Center for Simulation in Rehabilitation Research, Stanford, CA), MATLAB technical computing
software (MathWorks Inc., Natick, MA), and the prototype Personal Wheelchair Platform
(EngAbility Inc., Milwaukee, WI). The primary technical advancements in this research are the
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software components necessary to detect and process the upper extremity kinematics during
manual wheelchair propulsion, along with integration of the components into a complete system.
Table 1-1: Dissertation Aims, Hypotheses, and Approach
Aim Hypotheses
Approach

1

2

3

A system can be developed that is
appropriate for use by physical
therapists and wheelchair users

Use targeted, systematic interviewing techniques
to survey the needs of clinicians, therapists, and
wheelchair users and inform development

Markerless motion capture and
musculoskeletal models can track UE
during WC propulsion and is
sensitive to changes

Develop and integrate the system and evaluate its
efficacy in several key settings; perform a model
sensitivity analysis

The system is accurate and effective
in providing joint kinematics,
musculotendon excursions, and
spatiotemporal parameters

Present results of technical evaluation of the
technology, alongside a broad literature review
demonstrating its efficacy for the intended
application

Pediatric manual wheelchair users
change propulsion pattern in
response to therapy

Conduct a longitudinal study to evaluate the
effect of an intensive therapy program on UE
behavior

Propulsion pattern is a predictor of
therapeutic outcomes

Use statistical modeling to relate demographics
and interventions to kinematic outcomes

The system developed in Aim 1 is
repeatable for assessments of
pediatric manual wheelchair users

Collect two complete trials during each
assessment week and perform statistical
correlation analysis to determine inter-trial
repeatability

Visual biofeedback with kinematic
assessment is effective in training
manual wheelchair users to use
common propulsion patterns

Develop a biofeedback component for the
system; Test a pilot population of pediatric
manual wheelchair users on the four common,
and easily differentiated, adult patterns;
statistically compare trained to goal patterns to
analyze training protocol

Response to training, in terms of
learning and kinematics, is related to
the complexity (degrees of freedom)
of the propulsion pattern employed

Statistically compare the motor learning process,
spatiotemporal parameters, kinematics, and
musculotendon excursion among the 4 patterns

The motor learning process in
propulsion training is related to the
underlying changes in joint and
musculotendon kinematics

Investigate the joint and muscle changes during
training, and use jerk analysis to describe and
differentiate the musculoskeletal injury risk
among propulsion patterns

To advance the science of physical therapy care and pediatric manual wheelchair
mobility, three specific and related aims will be completed (Table 1-1). The first aim, presented in
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Chapter 2, develops a markerless motion analysis system, consisting of Microsoft Kinect 2.0
sensors, OpenSim musculoskeletal modeling, and automated detection, processing, and training
interface. The system is analyzed to determine its ability to quantitatively describe upper
extremity kinematics during manual wheelchair mobility in clinical, community, and home
settings. The system is designed to be cost-effective and easily used by caregivers, and should
accurately detect key kinematic metrics involved in manual wheelchair propulsion. The system
also included methods for processing markerless kinematic data using consumer-grade
technology and open-source musculoskeletal models to assess wheelchair propulsion
biomechanics. Aim 1 tests the hypotheses that (1) a system can be developed that is appropriate
to the needs of physical therapists and manual wheelchair users, (2) markerless motion capture
and musculoskeletal models effectively and reliably track upper extremity joint kinematics,
musculotendon excursions, and spatiotemporal parameters describing pediatric manual
wheelchair propulsion and are sensitive to change, and (3) the system is accurate and effective in
providing clinical data. Approaches used to test these hypotheses include: (1) using targeted,
systematic interviewing techniques to survey user needs, (2) development, systems integration,
and sensitivity analysis, and (3) technical evaluation and literature review of efficacy.
The second aim, presented in Chapter 3, performs a longitudinal study using the
markerless technology developed in Aim 1. Pediatric manual wheelchair users with cerebral
palsy, spina bifida, and Charcot-Marie-Tooth disorder underwent 7 weeks of intensive physical
and occupational therapy to determine the effect of the therapy on upper extremity propulsion
biomechanics. The exploratory, longitudinal study was completed at a specialized summer camp
for children with physical disabilities, with a sample of manual wheelchair users undergoing
intensive physical and occupational therapy. The focused analysis evaluates changes in
musculoskeletal behavior and response to therapy throughout the study, and uses mixed effects
modeling to identify predictors of response to therapy, including therapeutic modalities, therapist
impression of improvement, propulsion pattern, and demographics. Additionally, inter-trial
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repeatability of the system is tested. Aim 2 tests the hypotheses that (1) pediatric manual
wheelchair users change propulsion pattern in response to therapy, (2) propulsion pattern is a
predictor of therapeutic outcomes, and (3) the system developed in Aim 1 is repeatable for
assessments of manual wheelchair users. Approaches used to test these hypotheses include (1)
conducting a longitudinal study to evaluate the effect of an intensive therapy program, (2)
statistical modeling to relate demographics and interventions to kinematic outcomes, and (3)
collection of two complete trials during each assessment week to perform statistical correlation
analysis on inter-trial repeatability.
The third aim, presented in Chapter 4, tests the training paradigm of the markerless
system on a small sample of pediatric manual wheelchair users with spina bifida and CharcotMarie-Tooth disorder. A software-based propulsion training interface is added to the markerless
motion capture system, with real-time biofeedback. Participants are trained on the four common
adult propulsion patterns, and joint kinematics and musculoskeletal behavior are analyzed
following training. This pilot study assesses the differences in kinematic behavior among the four
common patterns, and evaluates the efficacy of the training interface. Aim 3 tests the hypotheses
that (1) visual biofeedback with kinematic assessment effectively trains pediatric manual
wheelchair users to use common propulsion patterns, (2) training response, in terms of learning
and kinematics, is related to the propulsion pattern kinematic complexity (degrees of freedom) of
the propulsion pattern employed, and (3) the motor learning process in propulsion training is
related to underlying changes in joint and musculotendon kinematics. Approaches used to test
these hypotheses include (1) developing a biofeedback component for the system and performing
a pilot study to analyze the training protocol, (2) statistical comparison of the motor learning
process, parameters, and kinematics among the trained patterns, and (3) investigating the joint
and muscle changes during training, using jerk analysis, to describe and differentiate
musculoskeletal injury risk among propulsion patterns.
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1.8 Chapter Conclusion
The research that led to this work, and the impetus for undertaking the project, along with
an overview of the background information, asserts that each of the three research aims identified
above will expand the knowledge base in pediatric manual wheelchair use. Each aim will be
addressed in the following three chapters, with each chapter structured as a separate research
study and intended for submission to relevant journals as manuscripts.
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CHAPTER 2: DEVELOPMENT AND FEASIBILITY ASSESSMENT OF A MARKERLESS
MOTION ANALYSIS SYSTEM

2.1 Chapter Introduction
This chapter is describes the development and feasibility demonstration of a markerless
motion analysis system, consisting of Microsoft Kinect 2.0 sensors, OpenSim musculoskeletal
modeling, and an automated detection and processing interface. The system is designed to assess
manual wheelchair mobility in clinical, community, and home settings. Additionally, present
applications of the system will be analyzed and discussed. Aim 1, the focus of this chapter, tests
the following hypotheses:
•

A system can be developed that is appropriate to the needs of physical therapists and
manual wheelchair users.

•

Markerless motion capture and musculoskeletal models effectively and reliably track
upper extremity joint kinematics, musculotendon excursions, and spatiotemporal
parameters describing pediatric manual wheelchair propulsion and are sensitive to
change.

•

The system is accurate and effective in providing clinical data.

Approaches used to test these hypotheses include:
•

The use of targeted, systematic interviewing techniques to survey user needs

•

Development, systems integration, and sensitivity analysis.

•

Technical evaluation and literature review of efficacy.

This development-focused study will be submitted for publication in IEEE Transactions on
Biomedical Engineering as a manuscript.
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2.2 Abstract
Wheelchair biomechanics research and clinical care needs improved accessibility to and
ease of use of quantitative outcomes measures. To advance the science of physical therapy care
and pediatric manual wheelchair mobility, this work investigates the needs of clinicians and users
through systematic interviewing. The results of these interviews indicate that while therapists use
standardized outcome measures in the clinic to track the progress of manual wheelchair users, the
assessments lack quantitative, objective details on the effects therapies are having on patient
mobility. Few motion analysis labs are capable of upper extremity wheelchair propulsion
assessment outside of research centers. The SmartWheel is common in physical therapy practice,
but again limits kinematic detection. The customer discovery conclusion, based on over 100
interviews of physical and occupational therapists, is that a system offering kinematic,
quantitative detection, with the ease of use of a standardized outcome assessment, would be
optimal for repeated, longitudinal assessment of pediatric manual wheelchair users’ therapeutic
progress, but has yet to be offered.
The systematic interview results provided pertinent information that led to the
development of a markerless motion analysis system for assessing manual wheelchair mobility in
clinical, community, and home settings.. This system includes Microsoft Kinect 2.0 sensors,
OpenSim musculoskeletal modeling, and an automated detection, processing, and training
interface. The system is designed to be cost-effective, easily used by caregivers, and capable of
detecting key kinematic metrics involved in manual wheelchair propulsion. The primary technical
advancements in this research are the software components necessary to detect and process the
upper extremity kinematics during manual wheelchair propulsion, along with integration of the
components into a complete system. The study defines an adaptable systems methodology for
processing markerless kinematic data using consumer-grade technology and open-source
musculoskeletal models to assess wheelchair propulsion pattern and biomechanics.
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2.3 Introduction
2.3.1 Current Methods
There are several current methods that have been successfully applied to study certain
aspects of wheelchair propulsion outcomes and biomechanics, as summarized in Table 2-1.
Laboratory motion analysis (Van der Woude et al., 2001, Schnorenberg et al., 2014, Vegter et al.,
2015) is precise and detailed, yet costly and time-consuming, especially for repeated, frequent
longitudinal assessments. Inertial Measurement Units (IMUs) are easier to use, but, when wristapplied as typical practice (Bergamini et al., 2015) lack detailed joint kinematics at the shoulder,
a key joint in assessing injury risk for manual wheelchair users. Instrumented wheels, whether
commercially available like the SmartWheel (Dellabiancia et al., 2013) or modified from bicycle
wheel power meters (Conger et al., 2014) provide power and torque output at the handrim, but
again require a motion capture system to obtain kinematics. Finally, standardized outcome
measures like the Wheelchair Propulsion Test (WPT) and Wheelchair Skills Test (WST) use
trained observers and standard protocols to assess function (Kenny et al., 2014), but lack
quantitative, kinematic data.
Table 2-1: Comparison of Common Wheelchair Propulsion Assessment Techniques in the
Literature
Assessment
Reference
Description
Benefits
Limitations
Laboratory
Motion
Analysis

Van der Woude
et al., 2001,
Schnorenberg et
al., 2014, Vegter
et al., 2015

Inertial
Bergamini et al.,
Measurement 2015
Units (IMU)

High-end, marker-based
motion capture and
models to quantify upper
extremity biomechanics

Highly
precise and
accurate,
detailed
output data

Very expensive,
time consuming,
requires
significant
training

Wrist-mounted sensors
used to measure
acceleration and
spatiotemporal
parameters

Faster
assessment
than motion
lab

Lack of detailed
shoulder
kinematics
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Assessment

Reference

Description

Benefits

Limitations

Instrumented
Wheel

Conger et al.,
2014

Bicycle power meter
(torque sensor) modified
for wheelchair use

Lower cost
option,
detailed
power
output

No UE
kinematic
detection

Dellabiancia et
al., 2013

SmartWheel Replacement
instrumented wheelchair
wheel with force and
acceleration detection

Allows
kinetic
recording of
wheelchair
propulsion

No UE
kinematics
unless combined
with another
system;
expensive

Kenny et al.,
2014

Common methods, such
as wheelchair propulsion
test and wheelchair
skills test – Manually
conducted based on
visual observation

Requires
minimal
equipment

Requires trained
observer,
subjective, lack
of quantitative
data

Standardized
Outcome
Measures

Based on the available solutions on the market, it is clear that there is a significant need
for development in this area, targeted toward physical and occupational therapists. Therefore, as
part of this study, a systematic discovery interview process was conducted under the National
Science Foundation I-Corps program to determine the needs of users and inform the development
of a better solution. The proposed technology quantitatively evaluates pediatric manual
wheelchair mobility in a timely manner and outside of the motion analysis laboratory. Several
technological options have recently become available to make this development possible,
including the Kinect for motion capture, OpenSim for musculoskeletal biomechanics, and the
Personal Wheelchair Platform to support the wheelchair and simulate overground resistance.
Each technological element of the system will be introduced and discussed separately.
2.3.2 Microsoft Kinect
The Microsoft Kinect is a markerless motion capture sensor designed and marketed for
the consumer gaming market. It uses infrared depth sensing to capture 3-dimensional imaging and
real-time algorithms to process skeletal position. The validity and research applicability of the
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Kinect has been widely debated in current literature (Table 2-2). Several studies (Bonnechere et
al., 2014, Dutta et al., 2012, Galna et al., 2014, Otte et al., 2016, and Van Diest et al., 2014) have
compared the Kinect sensor against laboratory motion capture systems and overall have found
that the Kinect-detected data is reproducible, accurate for gross movement detection but not finer
movements, and approximately one order of magnitude lower precision than the laboratory
standard marker-based systems. Studies focusing on specific aspects of detection have found that
shoulder kinematics and range of motion are reliable (Huber et al., 2015 and Lee et al., 2015) and
test-retest reliability is acceptable in both healthy and stroke patients (Mobini et al., 2015).
Specifically focusing on the elbow and shoulder movements most relevant to manual
wheelchair propulsion, several studies have addressed accuracy and reliability of the Kinect for
this use (Table 2-2). Comparing the shoulder kinematics from Kinect to laboratory motion
capture, Bonnechere et al. found that ROM detection is within 3 degrees for shoulder abduction
and 11 degrees for the elbow, with the Kinect sensor positioned anterior to the subjects. Huber et
al., addressed all ranges of shoulder movement in three axes, and found that the Kinect is most
valid in flexion (throughout the range of motion), with an interclass correlation coefficient of 0.95
when compared to laboratory calibrated measures, and least accurate in extreme abduction
approaching 90 degrees, with ICC of 0.76. In terms of manual wheelchair propulsion, the most
important movement of the shoulder joint is in flexion, and there is no extreme abduction, so
these results suggest that the Kinect is adequate in the ranges of motion applicable to manual
wheelchair use. Huber et al. also compared shoulder flexion with the Kinect positioned anteriorly
and laterally, and found similar ICC (0.85 and 0.84, respectively) between the positions. This
provides a basis for the experimental assessment contained in this work, assessing detection
accuracy within the specific workspace of manual wheelchair use and camera positioning applied.
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Table 2-2: Survey of the Literature for Microsoft Kinect in Upper Extremity Clinical
Applications – ICC = Interclass Correlation Coefficient; most studies use Kinect in anterior
position, noted if different.
Study Aim Reference
Description
Results
Detection
Validity
and
Reliability

Bonnechere
et al., 2014

Assessment of validity of
Kinect v1.0 against markerbased motion capture; 48
normal subjects; upper and
lower extremity

Similar reproducibility of results;
different ROM detection for the
lower extremity but similar
results for shoulder abduction
(±3º) and elbow flexion (±11º)

Clark et al.,
2012, 2013,
and 2015

Assessment of validity of
Kinect v2 for postural
control and balance against
marker-based motion
capture; 30 normal subjects;

High reliability and concurrent
validity for balance assessment
(trunk, upper and lower extremity
kinematics)

Dutta et al.,
2012

Direct comparison of Kinect
against Vicon clinical
motion capture

Kinect detection is accurate, one
order of magnitude less precise
than Vicon

Galna et al.,
2014

Comparison of Kinect with
Vicon for gross and fine
movements (controlled
study of Parkinson’s
disease); movements
included whole-body
coordinated movements and
shoulder flexion/abduction
targeted movements

Kinect is highly accurate for
gross movement detection, less
for smaller hand movements;
repeatable measurements (r>0.9);
high interclass correlation for
gross extremity/body movements;
low correlation for fine hand
movements

Huber et al.,
2015

Shoulder-specific validity
and reliability of Kinect; 10
normal subjects; shoulder
joint (flexion, abduction,
rotation) assessed in static
poses with Kinect, marker
based motion analysis, and
goniometer; the Kinect was
tested both in anterior and
sagittal view with
insignificant difference in
ICC

High reliability, but limits of
agreement (LOA) greater than
±5º, up to 7º for shoulder
abduction; Kinect shoulder
measurement is most accurate in
flexion (high ICC with valid
measurements), and least accurate
at abduction approaching 90º;
note that the analysis focused on
extents of motion, not the entire
range of motion

Lee et al.,
2015

Shoulder ROM
measurements with Kinect
vs. goniometry; 15 normal
subjects and 12 with
adhesive capsulitis of the
shoulder; Active ROM
compared between standard
goniometry and Kinect

High interclass correlation
coefficient; Kinect is repeatable
for shoulder ROM measurements
(ICCs: 0.91 flexion, 0.94
abduction; 0.91 external rotation);
Kinect accurately measures 3D
shoulder ROM
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Study Aim

Kinect v1
Compared
to Kinect
v2

Reference

Description

Results

Mobini et
al., 2015

Test-retest repeatability of
Kinect for UE, both 12
healthy and 18 stroke
subjects; focus on shoulder
and elbow kinematics, and
spatiotemporal metrics

Study showed acceptable
repeatability and sensitivity in
both populations; Shoulder and
elbow angle measurements all
showed greater than 0.9 ICC,
indicating that the measurements
are repeatable

Otte et al.,
2016

Accuracy and reliability of
Kinect v2 for clinical
measurements – compared
with Vicon; 19 normal
subjects; spatial range of
motion of arm movements
evaluated

Most clinical parameters had high
agreement between systems
(ICC>0.7); no systematic bias; all
joints of the UE and torso
detected by Kinect had Pearson
correlation >0.9 against Vicon;
concurrent Kinect and Vicon
used, and noise identified, but not
addressed by the authors

Van Diest et
al., 2014

Kinect (positioned
anteriorly) vs. Vicon in
detecting movement
patterns; 20 normal subjects;
balance and UE arm sway
measured; Kinect and Vicon
data collected separately and
analyzed for variance in
movement patterns and
marker positions

Study found that broad
movements of the upper
extremities had >90% accuracy,
finer hand movements lower
accuracy; activities are
standardized (game-directed) for
comparison between the systems

GonzalezJorge et al.,
2015

Metrological comparison
between Kinect v1 and v2
sensors; uses standardized
instrumentation to measure
differences, with varying
size and range from camera

Kinect v2 is more accurate, and
more stable at all distances from
camera

Pagliari et
al., 2015

Calibration and comparison
of Kinect v1 and v2

Kinect v2 has superior geometric
accuracy

Xu et al.,
2015

Kinect v1 vs. v2 for
detecting static posture joint
center locations; 20 normal
subjects; several static
postures tested including
trunk and UE motions

Kinect joint centers have average
error of 87 mm, while UE joints
are more accurately tracked than
LE joints

The first generation of the Kinect was released in 2010, and the second generation in
2013. Several studies have tested the relative performance of the devices (Table 2-2). The second

19
generation hardware was found to be more accurate and stable at all distances from the camera
(Gonzalez-Jorge et al., 2015), with superior geometric accuracy (Pagliari et al., 2015), and more
accurate for upper extremity tracking when compared to lower extremity (Xu et al., 2015).
2.3.3 Accuracy Assessment of the Microsoft Kinect
In past work (Rammer, 2014), a basic motion analysis system was developed, using
Microsoft Kinect hardware to track motion during arm and hand movements. Software algorithms
detected and recorded skeletal position and calculated angular kinematics. Goniometric devices
evaluated accuracy and both intra- and inter-trial reliability of the Kinect platform. The evaluation
results indicate reasonably accurate detection and differentiation between hand and arm positions.
Goniometric methods were used in lieu of a direct comparison with laboratory motion capture,
because the retroreflective infrared markers used in laboratory motion capture systems interfere
with the Kinect’s ability to detect the body surface. Therefore, a direct kinematic comparison is
impractical. Clinical goniometers have been found in literature to have accuracy (measurement
standard error) of ±2º in more definite measurements (such as elbow or knee extension) and up to
±12º in more subjective measurements (such as elbow or knee flexion) (Santos et al., 2012), an
important limitation to take into account when interpreting the results. In future work,
electrogoniometers could be experimentally applied, provided they do not interfere with the
Kinect’s surface tracking ability like marker-based motion capture does.
To evaluate kinematic detection of the hand while moving, a flexible anthropomorphic
hand model was used, shown in Fig. 2-1(a), with each finger capable of being individually flexed
and fixed at anthropometrically appropriate angles, as measured by a goniometer. The motion
analysis system was used to capture the hand with fingers positioned at 180 degrees in full
extension, 135 degrees in flexion, and 90 degrees of flexion (using a goniometer) while the hand
was moved continuously within the capture volume using three, ten second trials per angle.
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An additional protocol was implemented to evaluate the broad movements of the upper
extremity. Elbow kinematics were assessed using an elbow fixation device, shown in Fig. 2-1(b),
that was designed to allow adjustment and fixation of elbow angle measured by a goniometer
without restricting shoulder and wrist movement. The elbow was fixed at measured angles of 180
degrees (full extension), 135 degrees, and 90 degrees and continuously moved within the capture
volume, using three, ten second trials per angle.

Figure 2-1: Markerless motion analysis system testing devices – (a) hand positioned in full
extension 180°(left), flexed 135°(center) and flexed 90°(right); elbow positioned at full extension
180° (left), 135° (center), and 90° (right). (Rammer, 2014).
Statistical analysis of the data acquired during the kinematic detection of the hand and
elbow was used to evaluate the accuracy and precision of the measured positions and to
determine if the measured positions were significantly different from the actual positions of the
anthropomorphic hand and elbow. Relative error was used to assess the accuracy of the measured
positions and was calculated using the following formula:
relative error = (measured position – known position)/known position.
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Relative uncertainty was used to assess the precision of the measured positions and was
calculated using the following formula:
relative uncertainty = mean position /standard deviation.
A one-sample t-test (z-distribution, n>30) comparing measured mean and known angles was used
to determine whether the measured angle was significantly different from the actual angle.
Results of the hand and elbow detection study are included in Table 2-3. Angles detected
by the system using the hand model, with fingers fixed to 180°, 135°, and 90°, demonstrated
accuracy to be highest at full extension and decreasing with increased flexion, with decreased
precision as finger flexion increases. Detection of the elbow joint is more precise than hand
detection, as expected based on the limited resolution of the sensor, with the best precision when
the elbow was in full extension. Accuracy was slightly better with the elbow at 135° than in the
other two positions. The one-sample t-test confirms that the angle measured using the system is
not significantly different from the known angle for all positions except the elbow at 180° and the
fingers at 90° (see Table 2-3).
Table 2-3: Key Results of Elbow Model and Hand Model Technical Evaluation (Rammer,
2014)
Fixed Elbow Angle
Fixed Finger Angle
Full
Extension
180.0°

135.0°
Flexion

90.0°
Flexion

Full
Extension
180.0°

135.0°
Flexion

90.0°
Flexion

Kinect detected angle
(Mean ±SD)

173.1°
±3.2°

137.7°
±5.4°

93.5°
±5.3°

179.1°
±11.5°

139.4°
±12.9°

98.5°
±18.4°

Relative error
(accuracy)

−3.82%

2.0%

3.87%

−0.5%

3.26%

9.44%

Relative
uncertainty(precision)

1.85%

3.92%

5.67%

6.42%

9.25%

18.8%

One-sample t-test
p value

<0.000

0.070

0.066

0.104

0.055

0.017

Technical evaluation of the system using goniometry revealed key findings regarding the
capabilities of the system. The broad movements of the elbow demonstrate more precision in

22
detection than the finer movements of the hand, a result expected due to the limited resolution of
the Kinect. Detection accuracy when comparing Kinect-detected and goniometric measurements
is significant enough to allow differentiation between angles of the joints, and provides sufficient
kinematic data for clinical decision-making. Overall, the system is able to produce repeatable and
accurate kinematics, with increased ease-of-use through markerless detection but with
approximately one order of magnitude reduction in resultant precision.
Based on the success of this evaluation, an additional assessment is performed to
determine the accuracy of the Kinect specifically for the manual wheelchair propulsion typical
workspace, with a focus on points in the propulsion cycle of interest – the hand contact and hand
release point. These points also represent the extents of motion (important in terms of ROM
computations), and are therefore appropriate points to assess accuracy. To perform this
assessment, the subject (female, 25 years old, with no injuries or impairments of the upper
extremities) was asked to propel the wheelchair using an ARC pattern while data is recorded
using the Kinect for 20 cycles. Goniometric measurements were taken at the start point (hand
contact) and end point (hand release) by asking the subject to stop at these points (thus the body
position, including trunk motion, is assumed to be the same as it would be during the dynamic
cycles). The three measurements studied are shoulder flexion (sagittal plane), shoulder abduction
(coronal plane), and elbow flexion. The measured goniometric angle is compared to the Kinectdetected angle (mean ±SD). Table XX below presents the results of this assessment.
Table 2-4: Bias Assessment of the Microsoft Kinect in the Manual Wheelchair Propulsion
Workspace -- Comparison of goniometric and Kinect joint angle measurements
Parameter
Propulsion Phase
Goniometric Angle
Kinect Angle (Mean ±SD)
Shoulder
Abduction

Hand Contact

80º

79.46±2.85º

Hand Release

90º

89.16±0.65º

Shoulder Flexion

Hand Contact

70º

67.45±5.68º

Hand Release

21º

22.90±2.57º

Hand Contact

110º

110.11±1.60º

Hand Release

80º

80.98±3.53º

Elbow Flexion
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These results indicate that elbow flexion is accurately measured by the Kinect at both
hand contact and release points during wheelchair propulsion. Also, shoulder abduction and
flexion are accurately measured at hand contact, but show differences at hand release. However,
the standard deviation values at these points are low, suggesting that the discrepancy is not due to
differences in accuracy of the sensor, but a slight bias in detection at the hand release point. The
mean values are also very close, within 2º for both angles, which is within the expected accuracy
range of 2º-12º of the manual goniometric measurement tool (Santos et al., 2012). Overall, the
results suggest that the Kinect can detect joint kinematics of the shoulder during the workspace of
manual wheelchair propulsion, with slight bias when the subject is at the end of the push phase
which should be taken into account, when compared to goniometry.
The markerless system is effective in detecting joint angles within the constraints of
manual wheelchair use, where the joints typically do not reach full flexion or extension. It should
be noted that the larger joints are more accurately and precisely detected, and for all joints the
accuracy and precision is better in the center of the range of motion, rather than at the limits of
joint excursion. This technical assessment (Rammer, 2014) agrees with work from other
researchers confirming the Kinect’s ability to adequately track upper extremity kinematics in the
manual wheelchair propulsion workspace (Dutta et al., 2012, Galna et al., 2014, Huber et al.,
2015, Lee et al., 2015, and Van Diest et al., 2014). The overall synthesis of all of this work
indicates that the Kinect is accurate in detecting ROM and joint position of the upper extremities,
with a reduced precision of approximately one order of magnitude relative to laboratory systems,
and higher accuracy and precision in the proximal joints relative to the distal joints. For the
purposes of this development, the Kinect adequately provides the desired level of quantitative
data, but the Kinect’s limitations must be accounted for when interpreting that data.
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2.3.4 OpenSim Musculoskeletal Model
OpenSim is a free, open-source software package that allows users to develop
musculoskeletal models and perform biomechanical analysis (Delp et al., 2007). The OpenSim
software and specific upper extremity model used were chosen over other alternatives (including
SIMM, Any-Body, and other OpenSim models) using the primary project goals of costeffectiveness (which removes most expensive commercial models from consideration), research
validity and acceptance in the literature, and ease of integration into assessment software. The
OpenSim software is free and therefore cost-effective, and has gained a significant following in
scientific literature, with many studies published using the software. OpenSim is also
computationally efficient, while providing sufficient data to be appropriate for this application.
Given that the system is open-source, it is also easily integrated into the automated assessment
software. Several upper extremity models are available that are applicable to the study of
wheelchair propulsion biomechanics. Holzbaur et al. (2005) developed a complete model
designed to accurately represent musculoskeletal structure. The validated model was later refined
(Saul et al., 2014) and enhanced for improved functionality. The newer model also incorporates
scapular kinematics, and a simplified coordinate system for enhanced computational efficiency.
2.3.5 Stationary Wheelchair Propulsion Platform
Roller platforms and similar ergometer devices are often used in wheelchair propulsion
research, placing the wheelchair in a fixed position during analysis. This is important because it
allows the wheelchair user to reach a steady-state propulsion pattern in repeated cycles, which is
not possible in all but the largest indoor motion analysis laboratories. Several options are
available on the market to accommodate this need, shown in Table 2-3. Wheelchair treadmills are
large-sized treadmills adapted for manual wheelchair use, and typically fix the wheelchair. These
systems are extremely expensive, bulky, lack calibration and validation, and since the wheelchair
is attached to the system and powered by the treadmill, it is unclear how overground propulsion is
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simulated. Wheelchair roller systems for athletic training have continuous rollers, supporting the
wheelchair’s rear wheels, with no lateral independence and limited adjustability. Some users and
facilities modify or combine bicycle trainers and rollers for wheelchair use. There are no lateral
constraints with these systems, so the wheelchair typically must be strapped down for safety. The
ability to adjust and calibrate these systems is limited. Some laboratories (Boninger et al., 2005
and DiGiovine et al., 2001) develop research-specific systems tailored to their needs. These are
usually expensive, and fixed in the laboratory. For instance, Vegter et al. (2001) describe a
custom-developed motor-driven treadmill combined with a weight-and-pulley system to provide
resistance, which they use in parallel with motion capture, energetics, and instrumented wheels.
Parallel development by the author has led to the Personal Wheelchair Platform (Rammer et al.,
2015 and Appendix A), which resolves the limitations of other devices and provides a costeffective, safe, stable, laterally independent, and calibrated platform for manual wheelchair
propulsion research.
Table 2-5: Comparison of Common Stationary Wheelchair Propulsion Platforms
Description
Benefits
Limitations
Platform
Reference/
Type
Manufacturer
Wheelchair
Treadmill

Wheelers’
Paramill; etc.

Large-size treadmill
adapted for
wheelchair use;
may have
wheelchair
attachment system

Adjustable
speeds

Very expensive; very
large; not calibrated
or validated;
wheelchair is
attached to driven
system

Wheelchair
Rollers

McLain
Rollers

Continuous rollers
attached to
framework, with
ramp access

Low-cost

No lateral
independence,
limited adjustment,
possibly unsafe

Bicycle
Trainers and
Rollers
(modified)

CycleOps

Individuals,
athletes, and
researchers use
modified bicycle
rollers

Low-cost,
portable

No lateral constraint
(unsafe), no
calibration, little
adjustment
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Platform
Type

Description
Reference/
Manufacturer

Benefits

Limitations

Laboratory
Developed
Systems

Boninger et
al., 2005;
DiGiovine et
al., 2001

Researchers design
and calibrate
systems for detailed
studies

Tailored to
specific
research needs
of the
laboratory

High cost, usually
laboratory-fixed and
specifically designed;
very technically
intensive

Personal
Wheelchair
Platform

Rammer et al.,
2015;
Appendix A

Designed
specifically for the
needs of manual
wheelchair users

Costeffective,
adjustable,
portable,
laterally
independent

Not yet
commercially
available

2.4 Methods
The purpose of this study is to develop and evaluate a markerless wheelchair propulsion
biomechanical assessment system based on the actual needs of clinicians and wheelchair users.
Systematic interviewing of clinicians and wheelchair users shaped the system’s development. The
resulting design integrates consumer technology with open-source musculoskeletal modeling
technology, taking into account the important value and technical limitations of each component,
to produce an efficient and effective markerless wheelchair propulsion analysis platform.
2.4.1 Systematic Interviews
In order to produce research that is useful in promoting improved outcomes for manual
wheelchair users and their caregivers, it is important to develop a deeper understanding of the
needs of these users, focusing the research on areas of highest need and potential benefit. The first
phase of this project used the National Science Foundation I-Corps structured customer discovery
interviewing protocol to qualitatively ascertain the needs of several populations related to the
proposed development. Interviews focused on physical therapists, occupational therapists, manual
wheelchair users, adaptive sports athletes, researchers, and assistive technology professionals.
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Over a 4-week pilot interview process for the local NSF I-Corps program, 48 interviews
were conducted. Over the second, 7-week interview process for the National NSF I-Corps
program, 115 interviews were conducted with individuals that spanned the therapeutic,
engineering, wheelchair user, and athletic markets, for a total of n=163 potential users of the
system interviewed during both programs. Those interviewed were selected from a database of
physical therapists (PTs), occupational therapists (OTs), assistive technology professionals
(ATPs), motion analysis engineers, rehabilitation directors, as well as wheelchair athletes,
adaptive sports coaches, and recreation therapists. Potential interviewees were identified from
our collaborative network, as well as from research conducted in locations of interest globally.
Each interview, whether in-person, via video call, or by phone, was recorded in the database and
included detailed descriptions and key insights that were consolidated each week.
The interviewing process taught in the educational component of the I-Corps programs is
unique – interviews are free-flowing, and not conducted in a structured question-and-answer
format. This is because the goal of the interviews is not to determine if our preconceived ideas are
viable, but rather to obtain the real and unfiltered needs of the clinicians and wheelchair users
who were interviewed. The user needs are recorded individually, and trend identification is
applied to see correlation in the needs of user groups. The more prevalent the need or insight in
the interviewed sample, the higher importance is placed on it during the development process.
2.4.2 System Configuration
The system was designed around three key components: the Microsoft Kinect sensors, a
stationary roller platform, and musculoskeletal modeling. The system is configured with the
subject and wheelchair in a stationary position on a roller platform, with Microsoft Kinect sensors
placed anteriorly (for recording the static trial) and laterally on each side (for recording dynamic
trials), as illustrated in Figure 2-2.
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Figure 2-2: Conceptual Design and Configuration of the Markerless Wheelchair Analysis
System – Subject is stationary on roller system, with Kinect sensors positioned in the center,
anterior to the subject (for static trial), and laterally, to the left and right of the subject (for
dynamic trials)
The system needs only two Kinect sensors for minimum operation – one of the lateral
sensors can be moved to record the static trial. In testing, the Kinect produces the clearest
tracking results when the primary motion is perpendicular to the sensor’s line of sight. Thus, for
the static trial the center camera is used to detect the subject in standard anatomical position,
while for dynamic trials the lateral cameras are used, since sagittal plane motion is the primary
action of wheelchair propulsion. The laterally-positioned cameras also minimize occlusion of
wheelchair components and body parts, allowing the sensors to maintain their view of all upper
extremity segments throughout the propulsion cycle. Each sensor is operated by a separate
Windows PC and data is recorded for post-processing.
The roller platform was designed separately in response to the dearth of low-cost, out-ofclinic options on the market (Rammer et al., 2015). The Personal Wheelchair Platform (Figure 23) supports the wheelchair, constrains its lateral motion, and provides adjustable resistance that
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imitates overground propulsion based on user anthropometry. Maintaining the wheelchair in a
static position is key to using the markerless technology effectively. The Kinect’s capture volume
is limited, but sufficient to adequately capture propulsion cycles for a moving wheelchair, but the
data precision decreases with distance from the sensor and this method requires significantly
more physical space. Maintaining the static position allows consistent accuracy of the kinematics
and, most importantly, allows the subject to continually propel forward rather than making
repeated turns within a laboratory overground setting. Thus, the propulsion on the static platform
can better emulate daily-life continuous propulsion experienced by the subject.
The final major component of the system is an OpenSim-based musculoskeletal model,
developed and validated for upper extremity kinematic and dynamic use (Saul et al., 2014). For
the purposes of this system, the model was modified to include a virtual marker set compatible
with the automated algorithms that interpret data from the Kinect sensors, and was otherwise
applied in the same form in which it was validated. The model (shown in Figure 2-4) is iteratively
fitted to the motion data, and to increase the simplicity and speed of the computations, the model
is used in its unilateral configuration, with each upper extremity computed separately. Key
kinematic data outputs from the model include triaxial joint kinematics of the arms and trunk, and
musculotendon lengths.

Figure 2-3: Personal Wheelchair Platform - Used to support the wheelchair and provide
anthropometrically correct resistance
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Figure 2-4: OpenSim Musculoskeletal Upper Extremity Model (Saul et al., 2014) – Shoulder
joint is defined by thoracohumeral elevation and rotation (A), elbow joint in the sagittal plane
(B), and forearm rotation in transverse plane (C)
2.4.3 Automated Processing Script
The Microsoft Kinect produces basic skeletal data, which is recorded in real-time from
the sensors during the evaluation, and is subsequently input to the OpenSim musculoskeletal
model. The software package was developed using MATLAB, which can interface with both the
Kinect software and OpenSim modeling package when appropriately configured. Several
components and algorithms are involved in the software package, and these are described in
block diagram form in Figure 2-5.
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Figure 2-5: Block Diagram of Markerless Kinematic Processing Algorithm – Phases (1, 2,
and 3) of processing referenced in text are denoted by boxed regions
The first phase of the process (Figure 2-5, Phase 1) imports and filters the Kinect skeletal
position data, acquired from both static and dynamic trials. The user also inputs the subject
information and anthropometric measurements. A standard low-pass Butterworth filter removes
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unwanted noise from the position data. The OpenSim model (Figure 2-6, below) has been
modified to include a custom virtual marker set that interfaces with data acquired by the Kinect
sensors.

Figure 2-6: OpenSim Model with Custom Virtual Marker Set – Markers (pink) located at
strategic locations for compatibility with Kinect kinematic data
A series of algorithms are then executed, converting the Kinect-obtained position data
consisting of joint center locations and segment quaternion orientations, to the virtual marker
position trajectories. Next (Figure 2-5, Phase 2), a second set of algorithms process the Kinectobtained position data, automatically identifying individual propulsions from the data series, and
selecting the ten most similar and consistent propulsions from those identified. The data is then
divided into twenty individual data sets comprised of ten propulsions each on the left and right
sides, and is ready for OpenSim processing. The trials are not averaged before OpenSim
processing – each individual trial collected from the subject is processed separately, producing an
individual set of kinematic data for each trial.
OpenSim processing is conducted in the background by customized MATLAB
algorithms. First, the static trial data is converted to OpenSim-readable XML format and the
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model is scaled using data from the static trial and measurements provided by the evaluator. The
scaling is proportionate and uses the anatomical scaling capability of OpenSim, which is adequate
for gross kinematic analysis in clinical research. The OpenSim output is loaded into the
MATLAB software, and joint kinematics and musculotendon lengths from the static trial are
recorded as the baseline, normal values.
Next, each dynamic trial is processed by the scaled, subject-specific OpenSim model.
The individual trials are processed separately, and not averaged prior to processing. Each data
trial is first converted to OpenSim-readable XML format, and the iterative inverse kinematics
method fits the model to the motion data at each time point. The OpenSim error threshold is set to
0.00001 for all analyses, designating the stopping point for the iterative model fitting. Then,
muscle analysis is conducted, using geometric mapping to compute the musculotendon length
changes. The output data from each trial is loaded into the MATLAB software, and joint
kinematics and musculotendon lengths are recorded and stored. The scaled OpenSim model and
its propulsion data to are saved for future reference.
The automated process then integrates all of the kinematic and musculotendon data,
computes spatiotemporal parameters, joint ranges of motion, and musculotendon excursions, and
computes average and standard deviation values for each parameter (Figure 2-5, Phase 3). The
propulsion pattern used by each subject is computed for every trial by assessing the hand position
relative to the wheelchair pushrim. Next, a formatted output (demonstrated in detail later) is
created in MATLAB to display all relevant parameters and outputs of the evaluation. This output
is displayed automatically on-screen and saved as an image file for printing. Additionally, all raw
and processed data and parameters are saved in a MATLAB archival data file for future research
and processing.
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2.4.4 Subject Evaluation Protocol
Subjects are assessed with the system using a protocol designed to be concise, simple,
and easy to learn and apply in a variety of settings, from clinical to community centers, and
potentially the home in the future. The assessment begins by accommodating the subject’s
wheelchair on the roller system using removable ramps (Figure 2-7). Then, specific
measurements are taken of the left and right upper extremities, including humerus length, radius
length, and hand length, and the subject’s mass and height are recorded. These measurements are
used to scale the subject-specific musculoskeletal model. The subject’s mass is also used to
configure the wheelchair platform resistance mechanism that simulates overground conditions.
The subject is asked to perform a few test propulsions to verify that the system is configured
properly.

Figure 2-7: Pediatric Patient Undergoing Analysis using Markerless Wheelchair Propulsion
Assessment System – Patient is placed in own wheelchair on roller platform (left), while
evaluator (right) collects and processes the data
Testing begins by asking the subject to remain stationary for approximately 10 seconds,
while in standard anatomic position (seated) with hands positioned laterally and palms facing
forward. The markerless motion capture system uses the center Kinect camera to capture the
static trial data (Figure 2-8), which is used to scale the musculoskeletal model and determine the
resting normal musculotendon lengths.

35

Figure 2-8: Markerless Motion Capture - Static Trial – Anterior Kinect View
Data from dynamic trials is then collected using the left and right lateral Kinect cameras
(Figures 2-9 and 2-10, respectively), while the subject is asked to propel the wheelchair using
their normal pattern at self-selected speed for a minimum of 20 propulsion cycles. The dynamic
trial is repeated to collect a second data set of 20 propulsion cycles. Based on our prior testing, we
found that most users require 20 cycles to develop a consistent propulsion. This protocol is
similar to the 20 seconds of analysis at ~1 cycle/second protocol employed in prior adult
dynamometer-based wheelchair propulsion research (Boninger et al., 2002). This completes the
subject data collection, and the subject and wheelchair descend from the roller platform via the
ramps.

Figure 2-9: Markerless Motion Capture - Dynamic Trial, Left Camera – Note that Kinect
display is mirrored on-screen but records in correct coordinates
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Figure 2-10: Markerless Motion Capture - Dynamic Trial, Right Camera – Note that Kinect
display is mirrored on-screen but records in correct coordinates
The MATLAB-based processing script is launched as a separate executable program.
The script operates within the free runtime environment, so does not require the full version of
MATLAB. The script is launched from the subject’s data directory and processing commences
(Figure 2-11). The evaluator enters subject information, wheelchair parameters, and the
measurements acquired manually (Figure 2-12) and execution commences.

Figure 2-11: Automated Script: Launch Screen – Displays when software is launched

Figure 2-12: Automated Script: Enter Subject Parameters, Wheelchair Parameters, and
Anthropometric Measurements – User enters subject ID and test date (left), wheelchair
parameters and subject mass (center), and anthropometric measurements (right).
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Figure 2-13: Automated Script: Processing Screen -- Automated process with a duration of
approximately 5-7 minutes
The automated script (Figure 2-13) runs for approximately 5-7 minutes (on a basic lowend Intel Core i5 processor), and provides printed results when completed (Figure 2-14). These
results are described in more detail in the next section. Additionally, the evaluator can launch the
OpenSim musculoskeletal model and view or record the skeletal view (Figure 2-15) of the
subject’s propulsion. The assessment procedure requires no special computer knowledge to
conduct, and is straightforward for therapists, clinicians, or caregivers to implement. The overall
subject testing time, from the subject entering the test area to printed, detailed results, is
approximately 15 minutes.

Figure 2-14: Automated Script: Display of Results following Processing – 2-Page printable
kinematic output
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Figure 2-15: OpenSim Model - Visual Kinematic Results – can be played back and recorded
as part of the assessment
2.4.5 Clinical Output
The clinical wheelchair propulsion analysis output from the markerless system is
formatted as two printable pages, created by the automated script. This is similar to reports
produced for clinical gait analysis with marker-based systems (Kertis et al., 2010), and includes
both kinematic plots and spatiotemporal parameter data in a standardized, easily interpreted
format for clinical use.
An example of the first page (Figure 2-17), for a 15-year-old subject with spina bifida,
provides kinematic plots of the joint motion of each key upper extremity joint and thoracic
motion. Each plot of upper extremity joint motion presents the left (blue) and right (red)
kinematics, with thin lines representing individual trials and thick lines representing the mean of
all trials. The vertical blue and red lines on each plot indicate the point when the hand leaves the
pushrim, which identifies the transition from propulsion phase to recovery phase. The first
segment, from 0% to the vertical line, is the propulsion phase, where the hand is in contact with,
and actively pushing, the pushrim. The second segment, from the vertical line to 100%, is the
recovery phase, where the hand returns to its starting position. In the lower left corner of the first
page, values are tabulated for range of motion, peak angular velocity, and peak angular
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acceleration of key joints. The values are averages across all trials, with left and right extremities
presented separately. In the lower right corner of the first page, spatiotemporal parameters
describing wheelchair propulsion are tabulated.

Figure 2-16: Example Clinical Output Page 1 -- Joint Kinematics and Spatiotemporal
Parameters for exemplar subject, age 15, with spina bifida
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Figure 2-17: Example Clinical Output Page 2 -- Musculotendon Kinematics and Sagittal View
of Propulsion Pattern for exemplar subject, age 15, with spina bifida
An example of the second page of the output, from the same subject, (Figure 2-18),
includes plots of the normalized musculotendon length change during the propulsion cycle, for
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each key muscle involved in propulsion. The plots have similar formats, and vertical lines
continue to indicate the transition from propulsion to recovery phase. In the lower left corner of
the second page, musculotendon excursion data is tabulated for each key muscle involved in
wheelchair propulsion. Data from the left and right extremities appears separately and values are
averaged across all trials. In the lower right corner of the second page, a sagittal view of the hand
position (specifically, 3rd metacarpal-phalangeal joint position on each hand) is presented for the
left and right sides. This plot includes individual propulsion cycles (thin lines) as well as an
average of the individual cycles (thick lines). This plot qualitatively demonstrates the propulsion
pattern employed.
Additionally, the software stores all of the collected and processed data, including the
original figures, in an archival data file to permit additional analysis and data formatting for
future evaluations. Physical therapists and clinicians can use these clinical outputs to visually
observe the propulsion pattern and kinematic changes in repeated assessments and focus
therapeutic modalities to address specific kinematic deficits.
2.4.6 Sensitivity Analysis of System
In order to analyze the sensitivity of the model for the wheelchair propulsion task,
sensitivity analysis was used to relate shoulder and elbow joint motion to musculotendon
excursions for the muscles which cross the respective joints. This was performed by perturbing
the model throughout the range of shoulder and elbow mobility expected in wheelchair
propulsion, in one degree increments, and recording the musculotendon response length response
for each measurement. Then, a simple linear regression model was used to determine the
musculotendon sensitivity to joint motion. Plots with regression provide a visual depiction of
sensitivity, while the regression slopes (in % normalized musculotendon excursion per degree of
joint mobility) can be readily compared to describe the degree of sensitivity of each
musculotendon complex.
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2.5 Results
This work created an efficient, effective, markerless system for automated detection and
processing of wheelchair propulsion kinematics, using consumer technology, open-source
musculoskeletal modeling, mechanical development, and software development. Based on prior
research, the Kinect was determined to be an appropriate component for motion capture. Its
reduced accuracy and precision are counterbalanced by its low cost and ease of use, provided its
accuracy limitations within the wheelchair propulsion physical workspace are taken into account.
2.5.1 Systematic Interviewing Results
Following completion of the systematic interviewing process, the results from the n=163
interviews (Table 2-5) were analyzed and compiled. This information was used to extract key
insights and needs to inform the development process. A better understanding of the clinical
ecosystem was obtained based on the insights gained from interviews with clinicians. The
analysis included identifying specific customer archetypes who work with wheelchair users, such
as seating and mobility specialists who perform wheelchair evaluations and fittings. The clinician
interviews revealed that successful wheelchair equipment acquisition depends on the expertise
and knowledge of the clinician to meet insurance justification requirements. There are stateissued forms used by PTs, OTs, ATPs, and vendors that provide an extensive list of requirements
and measures. However, each state has its own version of this form. In addition, introducing a
medical device that is covered by insurance into practice requires a Current Procedural
Terminology (CPT) code or International Statistical Classification of Diseases and Related Health
Problems (ICD) code. In order to be coded, evidence must be provided that proves the device’s
efficacy. Key challenges of the clinical markets include lack of funding and lack of clarity for
insurance justification.
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Video

Phone

Acute Care

4

0

1

5

Inpatient

17

0

1

18

Outpatient

16

0

3

19

Private/Home Practice

4

2

1

7

Academic Physical/Occupational
Therapists

11

0

2

13

Assistive Technology Specialists

5

0

3

8

Motion Analysis Engineers

4

1

1

6

Wheelchair athletes and trainers

36

0

1

37

Recreational Therapists

8

0

1

9

Wheelchair Users and Family

19

0

0

19

Wheelchair Manufacturers

1

0

1

2

DME Vendors

6

0

1

7

Insurance Specialists

1

0

2

3

Athletic Directors/Coordinators

4

1

0

5

Gym Equipment Specialists/Mechanics

5

0

0

5

141

4

18

Clinical Physical/Occupational Therapists

Totals:
Grand Total:

Total

In-Person

Table 2-6: Systematic Interviewing Overview -- Quantity of Interviews by market segment and
sub-segment; grouped by interview style (in-person, video, or phone)
Market Segment
Sub-Market

163

Wheelchair athletes, coaches, and trainers also participated in the interview process.
Interviews with athletes from different adaptive sports, including wheelchair basketball, rugby,
and racing, revealed differences in training protocols, workout focus, and equipment. Athletes
who play basketball indicated that team training and ball skills were crucial, while two racers
indicated that they train individually, using roller systems to monitor and perfect form.
Additionally, it was suggested by both a coach and an athletic director that inclusive equipment is
needed more than sports equipment. These results have led to a better understanding of the needs
of the clinical community, as well as an alternative use for the current technology in athletics.
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In processing and accumulating the interview results, trends were identified among the
activities and needs of the market segments studied. The key activities of each person and how
their needs are currently being met were also noted. Ultimately the interview information was
refined into key insights that informed the development efforts of this project. This was
accomplished by seeking trends observed across the interviews, and the insights which were
observed over multiple interviewees were given priority over those insights which were only
provided by a small number. An overview of those key results is presented in Table 2-6.
Table 2-7: Key Results of Systematic Interviewing, Separated by Market Segment – For
each segment, the key primary activities (i.e. the interviewee’s role in caring for manual
wheelchair users), priorities/needs (what is important to the interviewee in their role), and insights
(how the interviewees’ responses can be applied to the development effort), are presented.
n
Key Activities
Market
Key Priorities Key Insights
Segment
& Needs
Clinical, PT,
OT

49

Evaluation of manual
wheelchair users;
physiotherapeutic
interventions;
propulsion training
(only small number of
PT/OTs)

Small size and
low
complexity;
high quality of
data; restricted
clinical time
and budget

System would permit
more frequent
assessments of manual
wheelchair users to
better track therapeutic
outcomes

Research,
International

19

Detailed propulsion
assessment; low-cost
clinical applications

Cost; training
requirements;
accuracy and
reliability

System would provide
the benefits of
quantitative outcomes
assessments without the
cost/complexity of
laboratory motion
capture

Community,
Athletics
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Provide recreational and
athletic opportunities
for manual wheelchair
users; quantify training
progress (more
advanced
organizations/users)

Size and
complexity of
system; cost;
training; ease
of use;
accuracy and
reliability

System would provide
resistance and progress
tracking for athletic
training and community
recreational applications

Home,
Individual
Wheelchair
Users

19

Perform therapistdirected exercises at
home (low compliance);
regular workouts (some
users)

Cost; ease of
use; safety;
accuracy

System could extend
therapy between or
beyond clinic visits;
potential as a workout
tool for manual
wheelchair users at
home
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2.5.2 System Specifications and Cost
The minimum hardware requirements for the system include the Personal Wheelchair
Platform, two Microsoft Kinect v2 sensors, two standard camera tripods, and two standard
Windows PCs. Software requirements include the Kinect software (no cost), OpenSim (no cost),
MATLAB runtime environment (no cost) and the customized processing software developed
under this effort. The combined materials cost for the entire system is approximately $3,000.
2.5.3 Clinical, Community, and Outreach Application Results
The system developed during this project has been rigorously assessed in both laboratory
and real-world applications. The cost-effectiveness and simplified assessment protocol make the
system viable in several key environments. The markerless system was installed and has been
used for over one year at Philippine General Hospital, Manila, Philippines, as part of the
Rehabilitation Medicine and Motion Analysis Program supported by the hospital. During this
time, the system has been used for several completed and ongoing research studies, including a
study of paraplegic athletes, and routine rehabilitation assessments of wheelchair users. To date,
the system has been used successfully by medical residents and physical therapists for over 50
assessments of wheelchair users at the hospital. Additional global clinical outreach applications
of the system are recommended based on these results.
The markerless system was also installed and used at Bay Cliff Health Camp Children’s
Therapy and Wellness Center, in Big Bay, Michigan, a community-based therapeutic summer
camp for children with physical disabilities and orthopaedic impairments. The system was
installed for one seven-week summer session, and over 60 pediatric manual wheelchair
propulsion assessments were successfully completed. The system provided quantitative
assessments for the therapy staff, improving their ability to monitor the effectiveness of intensive
therapeutic interventions.

46
The markerless system has been used in biomedical engineering education at Marquette
University, during a senior-level biomechanics lecture and laboratory course. As part of the
course, students are trained to operate the system, interpret results, and use the system to analyze
propulsion and design research questions. The students are rapidly trained on the system and find
it easy to use for this basic research.
Because of the multiple practical applications of the system, several hundred wheelchair
assessments have been completed with users representing a wide spectrum of anthropometry,
functional levels and abilities, and conditions. Results have shown that assessments typically can
be completed in under 15 minutes and training is straightforward and effective.
2.5.4 Sensitivity Analysis of the System
Sensitivity analysis was performed on the musculoskeletal model to determine the
relationship between joint motion and musculotendon excursion. Table 2-7 presents the results as
slopes of the linear regression analysis, to identify basic trends in the data. For shoulder elevation,
it is clear that the anterior and posterior deltoid musculotendon complexes (-0.08 %/degree and
0.15 %/degree, respectively), along with the coracobrachialis (-0.09%/degree), have significant
sensitivity to shoulder elevation and rotation, when compared to the other musculotendon
complexes studied, which are mostly in the range of 0.01-0.03 %/degree.
Table 2-8: Results of Sensitivity Analysis -- Values are in units of percent musculotendon
length change per degree of joint motion (Continued on the next page)
Muscle
Sensitivity to Shoulder Sensitivity to
Sensitivity to Elbow
Elevation
Shoulder Rotation
Flexion
Ant Deltoid

-0.0785

0.0576

0

Lat Deltoid

0.0414

-0.0435

0

Post Deltoid

0.1465

-0.1264

0

Supraspinatus

-0.0163

0.0145

0

Infraspinatus

-0.0160

0.0153

0

Subscapularis

0.0193

-0.0178

0

Teres Minor

0.0062

-0.0003

0
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Muscle

Sensitivity to Shoulder
Elevation

Sensitivity to
Shoulder Rotation

Sensitivity to Elbow
Flexion

Teres Major

0.0039

0.0324

0

Pectoralis Major

-0.0278

0.0238

0

Latissimus Dorsi

-0.0099

0.0419

0

Coracobrachialis

-0.0915

0.0819

0

Triceps-Long

0.0332

-0.0219

-0.0248

Triceps-Medial

-0.0366

0.0262

0.0292

Biceps-Long

0.0110

-0.0112

-0.0119

Biceps-Short

-0.0205

0.0211

0.0218

Brachialis

0.0296

-0.0229

-0.0253

Figure 2-18: Sensitivity Analysis of Shoulder Elevation to Individual Musculotendon
Excursions – Plots of musculotendon length change in response to shoulder motion (blue) with
linear regression lines (black)
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Sensitivity analysis for shoulder rotation is presented in Table 2-7. This analysis indicates
that the posterior deltoid musculotendon complex is significantly sensitive (-0.13 %/degree), as is
the coracobrachialis (0.08 %/degree). The anterior deltoid is less sensitive to rotation at 0.06
%/degree. For elbow flexion, the long and medial triceps heads, the short biceps head, and the
brachialis all have similar sensitivity in the range of 0.02-0.03 %/degree.
Plots of the sensitivity analysis describing musculotendon response to shoulder elevation
(Figure 2-20) show a clear transition to a point where the joint is not moving very much, but the
muscles are quickly changing in length. This is likely due to the thoracohumeral modeling of the
shoulder in the OpenSim model used. Most of the musculotendon responses to shoulder rotation
(Figure 2-21) are near-linear, except for the teres minor, teres major, and latissimus dorsi. For
musculotendon response to elbow flexion, Figure 2-22, the responses are close to linear. The high
rate of change in length (linear velocity) of the musculotendon complexes strongly suggests a
high potential for injury risk at this phase of the wheelchair propulsion cycle.
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Figure 2-19: Sensitivity Analysis of Shoulder Rotation to Individual Musculotendon
Excursions – Plots of musculotendon length change in response to shoulder motion (blue) with
linear regression lines (black)

Figure 2-20: Sensitivity Analysis of Elbow Flexion to Individual Musculotendon Excursions
– Plots of musculotendon length change in response to elbow motion (blue) with linear
regression lines (black)
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To more specifically address the sensitivity of the model at key points of interest in
manual wheelchair propulsion, the shoulder joint is assessed at the start (hand contact) and end
(hand release) of a typical wheelchair propulsion cycle, since these points transition points
represent the most significant potential for injury risk. To set up the analysis, the model is fixed to
the start and end points (based on typical values collected from subjects), and the other joints not
being perturbed are fixed at those values. Thus, only the joint of interest is being perturbed for the
sensitivity analysis.
First, the start and end points of propulsion are plotted separately to visibly observe the
sensitivity of musculotendon behavior to shoulder joint motion (Figures 2-21 through 2-24).
Visibly, the sensitivity is greater at the start of the propulsion cycle in comparison with the end,
as seen by the included linear regression lines.

Figure 2-21: Sensitivity of Shoulder Elevation at Start Point of Propulsion (Hand Contact) –
Using average hand contact skeletal position for the population, shoulder elevation is perturbed
±5%; linear regression lines provided for reference
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Figure 2-22: Sensitivity of Shoulder Elevation at End Point of Propulsion (Hand Release) –
Using average hand release skeletal position for the population, shoulder elevation is perturbed
±5%; linear regression lines provided for reference

Figure 2-23: Sensitivity of Shoulder Rotation at Start Point of Propulsion (Hand Contact) –
Using average hand contact skeletal position for the population, shoulder rotation is perturbed
±5%; linear regression lines provided for reference
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Figure 2-24: Sensitivity of Shoulder Rotation at End Point of Propulsion (Hand Release) –
Using average hand release skeletal position for the population, shoulder rotation is perturbed
±5%; linear regression lines provided for reference
Analysis of the sensitivity of each musculotendon complex to shoulder elevation and
rotation at the start and end points is performed using a dimensionless sensitivity coefficient. This
is computed (where MTL = musculotendon length, and JA = joint angle) as:
[((MTL +5%)-(MTL -5%))/(Initial MTL)]/[((JA+5%)-(JA-5%))/(Initial JA)]
Thus, each coefficient presented in Table 2-9 below is dimensionless, and the higher the
coefficient, the more sensitive the muscle is to joint angle changes within the specified propulsion
area. These coefficients are then categorized as moderately sensitive (0.40<s<0.75) or highly
sensitive (s>0.75).
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Table 2-9: Sensitivity of Musculotendon Complexes to Shoulder Motion at Start and End
Points of Propulsion - Values presented as dimensionless sensitivity coefficients with +/- 5%
perturbation at the start and end points of propulsion; Shoulder thoracohumeral angles describe
the arm position – consistent with the coordinate system used in the musculoskeletal model.
Muscle
Shoulder
Shoulder
Shoulder
Shoulder
Elevation
Elevation (End Rotation (Start Rotation (End
(Start Point)
Point)
Point)
Point)
Ant Deltoid

0.435

-0.185

0.243

0.810

Lat Deltoid

-1.409

0.039

-0.779

-0.175

Post Deltoid

-2.038

0.288

-1.137

-1.268

Supraspinatus

0.118

-0.041

0.068

0.183

Infraspinatus

0.466

-0.025

0.257

0.112

Subscapularis

-0.494

0.028

-0.273

-0.124

Teres Minor

0.828

0.038

0.456

-0.169

Teres Major

1.493

0.191

0.819

-0.840

Pectoralis Major

0.701

-0.038

0.385

0.169

Latissimus Dorsi

1.369

0.103

0.751

-0.453

Coracobrachialis

1.719

-0.155

0.952

0.683

Triceps-Long

0.372

0.088

0.203

-0.385

Triceps-Medial

-0.287

-0.103

-0.156

0.454

Biceps-Long

0.778

0.029

0.406

-0.131

Biceps-Short

1.874

0.008

1.010

-0.037

Brachialis

0.318

0.077

0.172

-0.341

Italic = Sensitive (coefficient >0.40); Bold = Highly sensitive (coefficient >0.75)
The results in Table 2-9 show several key points. The sensitivity of the musculotendon
complexes is most sensitive at the beginning of the propulsion cycle (hand contact), with fewer
musculotendon complexes showing high sensitivity at the end of the propulsion cycle (hand
release). Further, several muscles exhibit significantly higher sensitivity than others, including the
posterior and lateral deltoid, teres major, latissimus dorsi, coracobrachialis, and biceps brachii.
These results can be interpreted to suggest that there is a higher risk of injury during initial hand
contact over hand release, and that at the hand contact these key muscles are most sensitive to the
angular changes, and thus at risk for injury. The longer muscles overall appear to have lower
sensitivity, and hypersensitivity in the shorter musculotendons suggests a higher risk of injury.
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2.6 Discussion
The system developed in this project uses a combination of consumer-grade hardware
and open-source musculoskeletal modeling software to create a unique, cost-effective, efficient,
and appropriate analysis technique for clinical research in pediatric manual wheelchair
biomechanics. The Microsoft Kinect was chosen because of its low cost and ease of use. The
OpenSim upper extremity model brings significant computational power to the system, and the
interface allowing its use with the Kinect and automating the protocol is the key development of
this work. Characterization of the system in several settings has demonstrated its effectiveness for
its intended applications. The system adds value to clinical assessments by extracting metrics that
other methods, such as standardized outcome tools, cannot.
Comparison of the markerless wheelchair propulsion assessment system against other
common outcome measurement protocols (Table 2-4) reveals several key differences. When
compared to laboratory marker-based motion analysis techniques (Schnorenberg et al., 2014) the
markerless system requires less space (due to the stationary wheelchair platform), reduced
training requirements, and allows faster assessment. However, the marker-based systems have
higher precision, and include kinetic assessment and EMG data. Inertial measurement units
(Bergamini et al., 2015) and instrumented wheels (Conger et al., 2014, and Dellabiancia et al.,
2013) have similar ease of use when compared to the markerless system, and require less time
and training to implement than marker-based systems. However, inertial measurement units and
instrumented wheels do not provide complete kinematic outputs, but only partial or supplemental
data. Inertial measurement units and instrumented wheels are possible future expansion options
for the markerless system to permit kinetics to be included in the model. Standardized outcome
measures (Kenny et al., 2014) have fewer equipment and technological requirements, but do
require trained observation. It is these evaluations that the markerless system is intended to
supplement, by adding objective, quantitative outcomes, while adding minimal time and expense.
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Table 2-10: Comparison of the Markerless Wheelchair Propulsion Assessment System
against Current Standards in the Literature
Assessment
Description
Benefits
Limitations
Markerless
Wheelchair
Propulsion
Assessment System

Automated system using
markerless motion capture and
musculoskeletal models to
analyze wheelchair propulsion
biomechanics

Wheelchair is
stationary,
markerless,
automated, quick
assessment

Not as accurate or
precise as
laboratory
methods; no
kinetics or EMG

Laboratory Motion
Analysis
(Schnorenberg et
al., 2014)

High-end, marker-based
motion capture and models to
quantify upper extremity
biomechanics

Highly precise
and accurate,
detailed output
data

Very expensive,
time consuming,
requires
significant
training and space

Inertial
Measurement Units
(Bergamini et al.,
2015)

Wrist-mounted sensors used to
measure acceleration and
spatiotemporal parameters

Faster assessment
than motion lab

Lack of detailed
shoulder
kinematics

Instrumented
Wheel (Conger et
al., 2014 &
Dellabiancia et al.,
2013)

Replacement instrumented
wheelchair wheel with force
and acceleration detection

Allows kinetic
recording of
wheelchair
propulsion

No UE kinematics
unless combined
with another
system; expensive

Standardized
Outcome Measures
(Kenny et al., 2014)

Common methods, wheelchair
propulsion test and wheelchair
skills test – manually
conducted, visual observation

Requires minimal
equipment

Requires trained
observer,
subjective, lack of
quantitative data

Based on this assessment, the markerless system has significant potential for clinical use,
both in the United States and internationally. The system is also appropriate for use in community
therapy settings, and has several key benefits in this setting. The system could be extended to
home use, with the addition of telerehabilitation technology.
Table 2-11: Assessment of the Markerless Wheelchair Propulsion Assessment System for
Several Intended Application Markets
Priorities
Usage
Example Usage
Benefits of
Limitations of
Market
Scenario
System
System
Clinical, PT,
OT

Size and
complexity;
quality of data;
clinical time and
budget

PT uses the system
to assess manual
wheelchair users’
progress at each
visit

Ease of use;
cost; speed of
assessment

Not as precise or
accurate as
laboratory
motion capture
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Usage
Market

Priorities

Example Usage
Scenario

Benefits of
System

Limitations of
System

Research,
International

Cost; training
requirements;
accuracy and
reliability

Clinical care and
research studies
can benefit from
quantitative data
otherwise
unavailable

Automation for
easy training;
reliable
quantitative
outcome
measures

Cost may still be
a factor for some
clinics, when
compared to
standardized
tools

Community,
Athletics

Size and
complexity of
system; cost;
training; ease of
use; accuracy and
reliability

Readily track
progress of
community therapy
and recreational
activities

Cost; ease of
use; spaceefficiency;
reliable
quantitative
outcome
measures

Cost may still be
a factor for some
organizations

Home,
Individual
Wheelchair
Users

Cost; ease of use;
safety; accuracy

Extend PT impact
outside the clinic;
track progress
between visits

Safety; ease of
use; and spaceefficiency

Cost may still be
a factor for
home users; no
integrated
telerehabilitation

The markerless system has several benefits and some limitations for use in the clinical,
international, community, and home settings (Table 2-5). Based on systematic interviews
conducted within this project, the needs and typical usage scenario of several potential user
groups were evaluated. For the clinical therapy market, a physical therapist can use the system to
assess the UE kinematics and propulsion pattern of wheelchair users as part of routine therapy
visits, as a means to track progress. The system may not be as precise or accurate as laboratory
motion capture, but provides reliable quantitative data to track patient progress. For international
use, state-of-the-art motion capture laboratories are often not available, so the system could
represent a cost-effective alternative, provided its limitations are taken into account. For
community therapy settings, the system can provide quantitative assessment with the ease of use
and space efficiency required by organizations, to readily track the progress of participants.
The systematic interviewing process conducted within the project is based on the NSF ICorps protocol, which is usually directed toward evaluating a business opportunity and
marketability of an existing technology. This project, however, uses the I-Corps results to direct
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research in the field that is clinically relevant to practitioners, rather than looking at device
marketability. In this case, the process is being used to learn more about the needs of the pediatric
manual wheelchair user population and extracting key insights to inform technological and
methodological development, and directing research aims based on these needs. There is certainly
a benefit to addressing real-world needs identified through a program like this, as it ensures that
the aim of the research is grounded in an area that will have actual impact on the population
studied. The customer discovery-derived systematic interviewing process is strongly
recommended as a research starting point.
This project conducted systematic interviews of a large sample of clinicians, manual
wheelchair users, and athletes, and used the insights gained to develop a novel markerless
pediatric manual wheelchair propulsion biomechanical analysis and testing methodology that is
applicable to several environments. There is a significant deficit in current literature on pediatric
manual wheelchair propulsion biomechanics and physiotherapeutic treatment for this population.
The system is suggested for immediate implementation in novel pediatric research to resolve
these key deficiencies in current literature, and lead to more effective point-of-care clinical
outcome assessments for pediatric manual wheelchair users. In the future, home use and
telerehabilitation development are suggested as possible directions for the project.
2.7 Chapter Conclusion
This chapter detailed the systematic interviewing of end users to inform development of
the markerless wheelchair assessment system and provided an initial assessment of the system
and its possible applications. Based upon the hypotheses and approaches applied, several insights
were gained from the study: (1) systematic interviewing readily informs technical development
and research directions, (2) markerless motion capture with musculoskeletal model integration
effectively and reliably tracks upper extremity motion and musculotendon analysis is sensitive to
joint kinematic changes, and (3) the system was shown to have sufficient accuracy in providing
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this clinical data. The initial assessment demonstrates the accuracy and capabilities of the
platform and indicates its readiness to be used in clinical research, and forms the basis for
research in this field. The following chapters will apply the system to gain new knowledge
relating to pediatric manual wheelchair propulsion and therapeutic outcomes.
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CHAPTER 3: APPLICATION OF MARKERLESS TECHNOLOGY TO SURVEY PEDIATRIC
WHEELCHAIR PROPULSION IN RESPONSE TO INTENSIVE THERAPY PROGRAM

3.1 Chapter Introduction
This chapter describes a research study of pediatric manual wheelchair users undergoing
longitudinal physical and occupational therapy throughout the course of a 7-week community
rehabilitation summer camp. The results are evaluated to identify possible changes in kinematics
and spatiotemporal parameters in response to therapy, differences in musculoskeletal response
based on demographics and therapeutic modality, and correlations observed among parameters.
The test-retest repeatability of the markerless wheelchair propulsion assessment system is also
evaluated. Aim 2 tests the following hypotheses:
•

Pediatric manual wheelchair users change propulsion pattern in response to therapy.

•

Propulsion pattern is a predictor of therapeutic outcomes.

•

The markerless system developed in Aim 1 is repeatable for assessments of manual
wheelchair users.

Approaches used to test these hypotheses include:
•

Conducting a longitudinal study to evaluate the effect of an intensive therapy program.

•

Statistical modeling to relate demographics and interventions to kinematic outcomes.

•

Collecting two complete trials during each assessment week to perform statistical
correlation analysis on inter-trial repeatability.

This study will be submitted for publication in Pediatric Physical Therapy as a research article
formatted manuscript.
3.2 Abstract
Children who use manual wheelchairs as a primary means of mobility encounter pain and
injury risks to the upper body as a result of the strain placed upon the joints during propulsion. In
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current literature, it is unclear how propulsion pattern and physiotherapeutic training
methodologies impact biomechanical efficiency, pain, injury risk, and response to treatment. The
purpose of this study is to assess the effect of community-based intensive physical and
occupational therapy on functional outcomes (described below) in a population of pediatric
manual wheelchair users. Assessment is accomplished using point-of-care quantitative outcome
data using a markerless wheelchair propulsion kinematic detection system. A 7-week longitudinal
study was conducted at a therapy summer camp for children with physical disabilities. Ten
pediatric manual wheelchair users, aged 6-17, with spina bifida, Charcot-Marie-Tooth disorder,
and cerebral palsy, received intensive therapy throughout, with no training conducted in the
wheelchair, and evaluations at weeks 1, 4, and 7 of the camp. Children received the same
physiotherapeutic care they would have received otherwise, and no additional interventions were
included as part of the study.
Key results of the study in response to the therapy program include significant joint and
musculotendon kinematic differences at the shoulder, significant improvement in speed and
propulsion effectiveness, and, in five of ten subjects, significant change in propulsion pattern.
Statistical results also revealed that propulsion pattern was a significant predictor of response to
therapy, as was weekly therapeutic duration, wheelchair-specific focus by the therapists, and
stretching. Further, high inter-trial measurement repeatability was found with the markerless
assessment system. Current literature in pediatric manual wheelchair propulsion biomechanics
has yet to identify an optimal strategy for propulsion and physiotherapeutic treatments. Important
results of this work found that propulsion pattern is a significant predictor of response to
therapeutic treatment, and propulsion pattern changes in response to therapy even without any
wheelchair-specific training. This implies a relationship between therapeutic techniques and
propulsion pattern, and it is recommended that further work be conducted to solidify this
relationship.
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3.3 Introduction
Physical and occupational therapy usually represents a significant component of the
overall care of manual wheelchair users. The efficacy and outcomes of the variety of therapeutic
modalities accepted in common practice have been evaluated extensively for adults, and detailed
studies can be found for any adult patient population, with any common condition. Studies of
therapeutic outcomes for pediatric manual wheelchair users are extremely sparse (Table 3-1),
even though recent research (Slavens et al., 2014) has shown that pediatric manual wheelchair
users have biomechanics that differ from adults.
Table 3-1: Review of Therapeutic Techniques for Pediatric Manual Wheelchair Users
Reference Description
Results
Study
Aim/Methodology
Wheelchair Skills
Training Program
(WSTP) modified
for pediatric use

Sawatzki
et al.,
2012

Test efficacy of WSTP
(series of activities to be
trained) in community
settings

WSTP significantly improves
Wheelchair Skills Test (WST)
score; less pain and fatigue

Resistance
Training

O’Connell
et al.,
1995

Wheelchair propulsion in
pediatric MWU following
resistance training

Resistance training improved
strength & 12-minute distance
test, but not 50-meter speed test

The Wheelchair Skills Training Program (WSTP) was developed for adults, but has been
evaluated, in modified form, for pediatric manual wheelchair users (Sawatzki et al., 2012). The
outcomes of the study indicated that completing the training program led to significant
improvement in the standardized Wheelchair Skills Test (WST) and also lower pain and fatigue
in the pediatric population. Resistance training has also been studied as a physiotherapeutic
technique for manual wheelchair propulsion in children with orthopaedic impairments (O’Connell
et al., 1995). The study indicates that a resistance training program was effective in documenting
strength test improvements, longer distance on the 12-minute distance test, but no significant
change in the 50-meter speed test. There is a clear and immediate need for more research
describing the response to therapeutic techniques in pediatric manual wheelchair users.
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Several outcomes assessment tools are viable for tracking progress in pediatric manual
wheelchair users (Table 3-2). Kinematic motion analysis systems include markerless (Chapter 2)
and marker-based (Schnorenberg et al., 2014) designs. The markerless system is intended for
assessments outside the laboratory, where efficiency is preferred over a higher degree of
precision, while the marker-based laboratory system is ideal for situations requiring extreme
precision.
Table 3-2: Available Outcomes Assessment tools for Pediatric Manual Wheelchair
Propulsion Biomechanics
Assessment
Reference
Description
Benefits
Limitations
Markerless
Wheelchair
Propulsion
Assessment
System

Chapter 2

Automated system using
markerless motion
capture and
musculoskeletal models
to analyze propulsion

stationary,
markerless,
automated,
quick
assessment

Not as accurate
or precise as
laboratory
methods; no
kinetics or EMG

Laboratory
Motion
Analysis

Van der
Woude, 2001,
Schnorenberg
et al., 2014,
Vegter, 2015

High-end, marker-based
motion capture and
models to quantify upper
extremity biomechanics

Highly
precise and
accurate,
detailed
output data

Very expensive,
time consuming,
requires
significant
training

Inertial
Measurement
Units (IMU)

Bergamini et
al., 2015

Wrist-mounted sensors
used to measure
acceleration and
spatiotemporal

Faster
assessment
than motion
lab

Lack of detailed
shoulder
kinematics

Instrumented
Wheel

Conger et al.,
2014

Bicycle power meter
(torque sensor) modified
for wheelchair use

Low cost
option,
detailed
power output

No UE
kinematic
detection

Dellabiancia
et al., 2013

SmartWheel Replacement
instrumented wheelchair
wheel with force and
acceleration detection

Allows
kinetic
recording of
wheelchair
propulsion

No UE
kinematics
unless combined
with another
system; cost

Kenny et al.,
2014

Common methods, such
as wheelchair propulsion
test and wheelchair
skills test – Manually
conducted based on
visual observation

Requires
minimal
equipment

Requires trained
observer,
subjective, lack
of quantitative
data

Standardized
Outcome
Measures
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Assessment

Reference

Description

Benefits

Limitations

Shuttle Ride
Test (SRiT)

Bongers et al.,
2016

Test physiological
responses to intensive
activity in pediatric
manual wheelchair users
with Osteogenesis
Imperfecta

Cardiorespirat
ory fitness
testing can be
used to gauge
response in
pediatric
MWU

No data
provided on
upper extremity
biomechanics

General
Upper
Extremity
Outcome
Measures

Davids et al.,
2006

Shriners Hospital Upper
Extremity Evaluation –
Activity-based
functional assessment

Evaluates
metrics over a
range of
activities;
validated

Requires trained
observer; timeconsuming

Additional instrumentation options include inertial measurement units (Bergamini et al.,
2015) and instrumented wheelchair wheels (Conger et al., 2014 & Dellabiancia et al., 2013). Both
types of instrumentation provide valuable clinical data, but are best combined with kinematics in
a laboratory setting, since complete upper extremity kinematics are not provided natively.
Standardized outcome measures specific to manual wheelchair usage include the Wheelchair
Propulsion Test (WPT), Wheelchair Skills Test (WST) and Shuttle Ride Test (SRiT), which rely
on trained observers and manual recording of progress (Kenny et al., 2014 & Bongers et al.,
2016). More general standardized outcome measures, like the Shriners Hospital Upper Extremity
Evaluation (SHUEE) can evaluate level of functionality broadly based on a series of activities of
daily living (Davids et al., 2006).
The current literature in pediatric physical therapy for manual wheelchair users, pediatric
wheelchair propulsion biomechanics, and clinical translation of adult findings to pediatric
populations is very limited, and there is a significant need for more research in this area. This
study tests the hypotheses that response to intensive physical and occupational therapy in
pediatric manual wheelchair users is dependent on propulsion pattern employed, and propulsion
pattern changes in response to non-wheelchair-related therapeutic modalities. This is performed
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by conducting a longitudinal study of pediatric manual wheelchair users participating in a campbased community therapy setting, receiving intensive therapy and activity participation.
3.4 Methods
3.4.1 Subjects and Setting
In order to study the effect of community-based therapy on functional outcomes and
kinematics, a longitudinal study is conducted at a summer camp for children with physical
disabilities, Bay Cliff Health Camp Children’s Therapy and Wellness Center in Big Bay,
Michigan. Marquette University acted as Institutional Review Board for the camp for the
purposes of this study. All aspects of the study were approved by the Institutional Review Board,
and all participants gave assent, and their parents gave consent prior to being enrolled in the
study. No compensation was provided. Ten subjects were enrolled in the study. They ranged from
6 to 17 years of age and there were 2 females and 8 males. Four of the children were diagnosed
with spina bifida, one with Charcot-Marie-Tooth disorder, four with spastic quadriplegic cerebral
palsy, and one with spastic diplegic cerebral palsy. As an inclusion factor, all of the patients
enrolled use a manual wheelchair as a primary means of daily mobility. All subjects have used a
manual wheelchair since approximately five years of age.
The children enrolled in the study received tailored, individualized therapy programs and
each had a primary physical and occupational therapist responsible for care. The modalities
included group therapy, individual intensive therapy sessions, recreational and sports activities,
and the usual daily mobility around the camp. It should be noted that the setting of the camp itself
is very different from typical school and community mobility, with hills and other obstacles
which likely significantly increase daily mobility exertion. Therapy modalities varied for each
individual patient, but none received propulsion-specific training or any therapy while in the
wheelchair during the longitudinal study. The therapies provided at the camp were not influenced
by the study – participants received the same therapeutic protocol they would have received
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otherwise. No additional interventions were received as a result of participation in the study.
Some of the subjects in this study also participated in Aim 3 (Chapter 4). The data from Chapter 4
was collected following the completion of this longitudinal study; the studies did not overlap.
Each subject used their own daily-use manual wheelchair, which was not evaluated or adjusted
for the purposes of this study. It is assumed that each wheelchair was configured properly.
3.4.2 Materials
The system used for this study is the markerless wheelchair propulsion assessment
platform described in previous chapters. The motion capture component of the system was
designed to be portable and cost-effective while maintaining sufficient accuracy. In contrast with
established laboratory techniques (Dellabiancia et al., 2013), markerless detection eliminates the
need for physical skin-attached markers. Hardware for the system included two Microsoft®
Kinect® v2 infrared position sensors and two standard desktop PCs. Past work found that the
motion capture system accurately tracked body position (Rammer et al., 2014), with the
individual sensors having a reduction in precision of approximately one order of magnitude
compared to standard high-end marker-based motion analysis laboratory systems (Dutta, 2012),
but at a substantially lower cost. The sensors were positioned laterally to both sides of the subject
at a distance of approximately 1 meter (Figure 3-1). The real-time, avatar-fitted skeletal tracking
model produced joint center locations and segment orientations for all key joints of the upper
extremities. This data was used for simplified real-time processing and display and stored for
more detailed musculoskeletal analysis in post-processing.
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Figure 3-1: Markerless Wheelchair Propulsion Assessment System Configuration – Subject
and wheelchair are placed on stationary roller platform with Kinect sensors positioned laterally
to the left and right
A wheelchair roller platform was used to allow continuous, steady-state propulsion
within small spaces (Rammer et al., 2015). The platform design was based on an inertial
dynamics model. It was configured to each participant’s individual wheelchair specifications and
provided inertia and resistance equivalent to what the user would experience during daily
propulsion. Additional materials for standardized outcome measures included several common
toys and objects for the Shriners Hospital for Children Upper Extremity Evaluation, a video
camera to record the assessment, and a stopwatch for recording the Wheelchair Propulsion Test.

Figure 3-2: Actual System Setup at Bay Cliff Health Camp, Showing Wheelchair Platform
in Use – Subject undergoing assessment
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3.4.3 Data Collection
Each subject enrolled in the study was evaluated at the beginning (week 1), middle (week
4), and end (week 7) of the Bay Cliff Health Camp summer camp program. The same assessment
protocol was employed during each of the three evaluation periods.
The protocol included collection of several relevant sets of data. Charts and medical
records were reviewed for each subject, and notes were recorded regarding relevant medical
history, diagnosis, past and current interventions, and demographics. Each patient’s primary
responsible physical and occupational therapists were interviewed during each of the three weeks
to note patient condition, qualitative improvements observed by the therapist, and details on the
intervention strategy and current interventions being performed. The camp reviews therapeutic
programs halfway through the summer program and makes adjustments, so most subjects
received changes in therapy protocols during the second half of the study.
During each patient assessment, the standardized Wheelchair Propulsion Test was
performed. This involves the subject being timed and video recorded propelling a 10m distance
within the therapy gymnasium at the camp. Propulsion speed, cadence, and effectiveness metrics
are recorded manually. The Shriners Hospital Upper Extremity Evaluation was performed to
assess general upper extremity performance on activities of daily living. Twelve tasks are
performed while the subject is video recorded, and functional scores, including spontaneous
functional analysis, dynamic positional analysis, and grasp and release analysis are scored from
the video.
In addition, the markerless wheelchair propulsion assessment was performed. The child’s
wheelchair was placed on the roller platform, and the resistance adjusted to be consistent with the
child’s anthropometry, to be similar to experience of propulsion in overground conditions.
Several measurements were taken of the subject’s upper extremity for use in model scaling. A
static trial was performed with the subject’s arms at his or her sides, in standard anatomical
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position with palms facing forward. This static trial is used to scale the model and compute the
resting musculotendon lengths. Then, the child is asked to perform at least twenty propulsion
cycles, using his or her normal pattern at self-selected speed. After a brief rest period, the subject
performs one more set of twenty propulsion cycles as a second trial. This concludes the data
collection, and the subject’s wheelchair is rolled off of the platform.
3.4.4 Data Analysis
The data collected from each subject trial was processed using the protocol developed
and described in full detail in Chapter 2. The automated processing script produces two-page
printed outputs (Figure 3-3) for each assessment, containing joint kinematics, joint range of
motion, spatiotemporal parameters, musculotendon excursion, and sagittal view of propulsion
pattern employed. In addition, all raw and processed data is stored in MATLAB archival format
for future analysis.

Figure 3-3: Formatted Two-Page Clinical Output for Representative Subject – Left page
includes joint kinematics and spatiotemporal parameters; right page includes musculotendon
excursions and sagittal view of propulsion pattern; Male subject, age 12, with spina bifida
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To process and analyze the data, all case data sets were imported into MATLAB and
SPSS Statistics. Statistics were computed to compare weeks 1 versus 4, 4 versus 7, and 1 versus
7. Spatiotemporal parameters, joint ranges of motion, musculotendon excursion, Wheelchair
Propulsion Test scores, and SHUEE scores were all evaluated using paired-t tests at significance
level α=0.05, to test the hypothesis that kinematic changes occur in response to the therapy. A
Lilliefors test of normality was first conducted on each paired data set to ensure that the paired
differences of each data set followed a normal distribution, satisfying the assumptions of the
parametric paired-t statistic. Additionally, plots were created with linear regression lines for those
metrics of each type that demonstrated significant change over any period of the study. For each
subject, propulsion patterns were plotted on the same axes for weeks 1, 4, and 7 for qualitative
analysis, to test the hypothesis that a change in pattern occurs during the study. The t-test was
chosen over other possible methods for longitudinal analysis to permit separate analyses of the
first half of camp, second half of camp, and entire 7-week camp program. Since some subjects
received a slightly different therapy program during the first and second half of camp, this
analysis is more individualized and allows for these differences to be detected.
A generalized linear mixed regression model was implemented to test the hypothesis that
interventions, demographics, and other parameters are significant predictors of kinematic change
in response to therapy. Finally, inter-trial measurement repeatability was analyzed using
correlation analysis to provide scatterplots and Pearson correlation coefficients describing the
repeatability of the measurement system, to test the hypothesis that the system reliably measures
parameters between trials. This comparison is between two independent trials conducted during
each of the three assessment weeks – that is, the full assessment was repeated to produce two
complete sets of data each week, and repeatability in this case is a test of the consistency of the
measurements within-subject and within-week. A Lilliefors test of normality was performed on
the differences between the data sets to ensure that the normality assumption of the parametric
Pearson correlation analysis was satisfied.
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Propulsion patterns were recorded for each subject in each assessment and qualitatively
analyzed to test the hypothesis that propulsion pattern significantly changes in response to
intensive therapy and activity participation, and to test the hypothesis that propulsion pattern is a
significant predictor of positive kinematic response to the intensive therapy. Propulsion patterns
were visually categorized to the closest matching pattern of the four common adult patterns
(Boninger et al., 2002) for each assessment period, and the patterns of each subject were visually
compared through the duration of the study to detect change. Change in this case was defined as a
significant change in the size (excursion of hand during propulsion) or type of propulsion pattern.
3.5 Results
Results of the longitudinal study are presented as changes observed across time in
spatiotemporal parameters, joint kinematics, musculotendon excursion, standardized outcome
measures, and propulsion pattern. The data from the study is also analyzed to determine
influential factors in positive therapeutic response, and to determine the inter-trial repeatability of
the system.
3.5.1 Power Analysis
A basic statistical power analysis was performed on pilot spatiotemporal parameters, joint
kinematics, and musculotendon excursion data obtained from laboratory testing of the protocol.
The power analysis (β=0.80, α=0.05) revealed that a minimum of 7 subjects would be required to
detect significant between-subject difference in spatiotemporal parameters, 8 subjects to detect
significance in joint range of motion, and 10 subjects to detect musculotendon excursion. The
sample size of 10 chosen for this study was a sample of convenience – all pediatric manual
wheelchair users attending the camp, meeting the inclusion criteria, and having parental consent
and subject assent were included in the study.
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3.5.2 Tests of Normality
Table 3-3: Lilliefors Test of Normality
Parameter

Week 1 vs. 4

Week 4 vs. 7

Week 1 vs. 7

Spatiotemporal Parameters

0.067

0.395

0.275

Joint Kinematics

0.359

0.144

0.202

Musculotendon Excursions

0.363

0.327

0.274

Wheelchair Propulsion Test

0.251

0.255

0.341

SHUEE

0.147

0.052

0.189

* p-value significant at α=0.05 (if significant, indicates non-normal distribution)
In order to perform the paired analysis, first normality was tested on the difference
between the paired data sets using a Lilliefors test. For all parameters, the null hypothesis was not
rejected at α=0.05, indicating that all data sets belong to sufficiently normal distributions to
perform the paired t-test and Pearson correlation parametric analyses.
3.5.3 Spatiotemporal Parameters
A series of spatiotemporal parameters were computed by the system and analyzed for
change throughout the longitudinal study using a series of paired t-tests. Statistical results (Table
3-3) indicate that the only significant change throughout the study was in contact angle. Figure 34 demonstrates a higher variability in contact angle at the end of the study, and consistency in
speed and cadence. Note that for this study, subjects were directed to propel at their normal, selfselected speed and cadence.
Table 3-4: Changes in Spatiotemporal Parameters -- Results including mean and standard
deviation for all metrics
Week 1
Week 4
Week 7
Spatiotemporal Parameter (mean ± SD)
Cycle Time (s)

1.54±0.07

1.50±0.08

1.53±0.09

Cadence (cycles/s)

0.65±0.03

0.68±0.04

0.67±0.04

Recovery (%)

0.55±0.06

0.50±0.04

0.54±0.08

Propulsion (%)

0.45±0.06

0.50±0.04

0.46±0.08

Propulsion Length (mm)

238±79.1

224±68.7

254±95.8

Recovery Length (mm)

66.5±79.1

83.4±68.7

81.2±95.8
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Spatiotemporal Parameter (mean ± SD)

Week 1

Week 4

Week 7

Propulsion (deg/cycle)

47.7±15.6

45.2±14.5

51.2±19.1

Propulsion Speed (deg/s)

88.5±46.8

61.4±19.1

70.8±25.3

Contact Angle (deg)

44.3±29.5

65.8±19.0

28.8±28.0

Speed (m/s)

0.45±0.25

0.30±0.09

0.35±0.13

Table 3-5: Changes in Spatiotemporal Parameters – Results of paired t-test (continued on the
next page)
Spatiotemporal Parameter
Week 1 vs. 4
Week 4 vs. 7
Week 1 vs. 7
Cycle Time (s)

0.166

0.342

0.687

Cadence (cycles/s)

0.120

0.431

0.559

Recovery (%)

0.144

0.308

0.853

Propulsion (%)

0.143

0.308

0.852

Propulsion Length (mm)

0.641

0.468

0.612

Recovery Length (mm)

0.419

0.908

0.534

Propulsion (deg/cycle)

0.673

0.491

0.604

Propulsion Speed (deg/s)

0.154

0.398

0.287

Contact Angle (deg)

0.202

0.008*

0.379

Speed (m/s)

0.159

0.364

0.277

* p-value significant at α=0.05

Figure 3-4: Selected Spatiotemporal Parameters - Dotted lines represent individual subject
trials and bold line population mean; note: speed and cadence are self-selected
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3.5.4 Joint Range of Motion
Analysis was performed on key joint kinematics of the upper extremity to determine joint
range of motion. The statistical results (Table 3-4) indicate significant changes in thoracic lateral
flexion, shoulder elevation, and wrist flexion. The results presented in Figure 3-5 show many
subjects having increased shoulder and wrist range of motion through the study, and that several
subjects had increased elbow range of motion as well. These results do not demonstrate consistent
improvements or increases across the longitudinal study.
Table 3-6: Changes in Joint Range of Motion -- Results in degrees, including mean and
standard deviation for all joints
Week 1
Week 4
Week 7
Joint Range of Motion (mean ± SD)
Thoracic A-P Flexion

11.18±5.1

11.15±4.2

9.21±3.0

Thoracic Lateral Flexion

8.91±2.3

11.02±2.7

10.31±3.0

Throacic Rotation

10.43±5.9

9.87±3.4

10.50±3.6

Shoulder Rotation

38.07±13.4

43.79±14.0

44.94±21.6

Shoulder Elevation

24.19±8.0

29.80±9.5

28.84±9.7

Elbow Flexion

25.92±8.1

29.80±9.4

28.43±11.6

Forearm Pronation

18.32±5.1

18.02±4.4

22.99±8.2

Wrist Deviation

1.13±0.8

1.15±0.5

1.63±1.0

Wrist Flexion

21.83±6.3

26.49±5.9

29.34±6.7

Table 3-7: Changes in Joint Range of Motion – Results of paired t-test
Joint Range of Motion
Week 1 vs. 4
Week 4 vs. 7

Week 1 vs. 7

Thoracic A-P Flexion

0.988

0.288

0.452

Thoracic Lateral Flexion

0.029*

0.575

0.313

Throacic Rotation

0.844

0.759

0.982

Shoulder Rotation

0.344

0.907

0.473

Shoulder Elevation

0.011*

0.641

0.023*

Elbow Flexion

0.126

0.725

0.511

Forearm Pronation

0.842

0.084

0.088

Wrist Deviation

0.978

0.220

0.343

Wrist Flexion

0.068

0.306

0.028*

* p-value significant at α=0.05 (significance = increased joint ROM)
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Figure 3-5: Selected Joint Kinematics (Range of Motion) with Significant Change - Dotted
lines represent individual subject trials and bold line represents population mean
3.5.5 Musculotendon Excursion
Musculotendon excursion is defined as the normalized (dynamic length divided by static
length) range of motion of the musculotendon complex, and is computed by the OpenSim system
for all muscles of the upper body that are primarily active during wheelchair propulsion. The
results of paired t-tests in Table 3-5 demonstrate significant change in the range of motion of the
anterior deltoid, teres major, and coracobrachialis musculotendon complexes during select phases
of the longitudinal study. This effect can also be observed in Figure 3-6, with significantly
increased anterior deltoid excursion, as expected based on increased shoulder elevation seen in
joint kinematics results.
Table 3-8: Changes in Musculotendon Excursion -- Results including mean and standard
deviation for all metrics; values are normalized mm/mm.
Week 1
Week 4
Week 7
Musculotendon Excursion (mean ± SD)
Anterior Deltoid

0.015±0.004

0.018±0.005

0.018±0.007

Lateral Deltoid

0.012±0.004

0.014±0.005

0.015±0.006

Posterior Deltoid

0.030±0.010

0.034±0.010

0.034±0.012

Supraspinatus

0.005±0.002

0.006±0.002

0.006±0.002

Infraspinatus

0.006±0.002

0.006±0.002

0.006±0.002

Subscapularis

0.006±0.002

0.006±0.002

0.006±0.002

Teres Minor

0.004±0.002

0.004±0.002

0.004±0.002

Teres Major

0.023±0.007

0.024±0.008

0.023±0.008

Pectoralis Major

0.008±0.002

0.008±0.002

0.008±0.003
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Musculotendon Excursion (mean ± SD)

Week 1

Week 4

Week 7

Latissimus Dorsi

0.021±0.007

0.022±0.008

0.022±0.008

Coracobrachialis

0.021±0.007

0.024±0.007

0.025±0.009

Triceps Brachii – Long Head

0.008±0.002

0.008±0.002

0.012±0.006

Triceps Brachii – Medial Head

0.008±0.003

0.009±0.003

0.009±0.004

Table 3-9: Changes in Musculotendon Excursion – Results of paired t-test
Musculotendon Excursion
Week 1 vs. 4
Week 4 vs. 7

Week 1 vs. 7

Anterior Deltoid

0.027*

0.974

0.157

Lateral Deltoid

0.060

0.874

0.053

Posterior Deltoid

0.165

0.962

0.223

Supraspinatus

0.079

0.953

0.068

Infraspinatus

0.088

0.837

0.053

Subscapularis

0.178

0.621

0.247

Teres Minor

0.639

0.891

0.563

Teres Major

0.328

0.028*

0.960

Pectoralis Major

0.866

0.561

0.423

Latissimus Dorsi

0.229

0.563

0.446

Coracobrachialis

0.088

0.530

0.039*

Triceps Brachii – Long Head

0.326

0.245

0.162

Triceps Brachii – Medial Head

0.215

0.837

0.531

* p-value significant at α=0.05

Figure 3-6: Selected Musculotendon Excursions with Significant Change - Individual dotted
lines represent individual subject trials and bold line represents population mean
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3.5.6 Wheelchair Propulsion Test
Table 3-10: Changes in Wheelchair Propulsion Test Scores – Results including mean and
standard deviation for each metric
Week 1
Week 4
Week 7
WPT Parameter (mean ± SD)
WPT Cadence (cycle/s)

0.91±0.16

0.86±0.17

0.87±0.17

WPT Speed (m/s)

0.72±0.16

0.81±0.19

0.91±0.23

WPT Effectiveness (m/cycle)

0.85±0.20

0.99±0.23

1.12±0.28

The Wheelchair Propulsion Test scores collected during the study were assessed for
change throughout the study. Table 3-6 shows significant change in speed and effectiveness
metrics in the second half of the longitudinal study, and overall, where effectiveness represents
the distance propelled per cycle. As Figure 3-7 demonstrates, some subjects had little change
through the course of the study, and cadence was relatively consistent across the population, but
improvements were observed in the group in speed and effectiveness metrics.
Table 3-11: Changes in Wheelchair Propulsion Test Scores – Results of paired t-test
WPT Parameter
Week 1 vs. 4
Week 4 vs. 7
Week 1 vs. 7
WPT Cadence (cycle/s)

0.551

0.713

0.638

WPT Speed (m/s)

0.140

0.028*

0.027*

WPT Effectiveness (m/cycle)

0.078

0.154

0.014*

* p-value significant at α=0.05

Figure 3-7: Selected Wheelchair Propulsion Test Parameters with Significant Change Individual dotted lines represent individual subjects and bold line represents population mean
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3.5.7 Shriners Hospital Upper Extremity Evaluation
Table 3-12: Changes in SHUEE Scores – Results including mean and standard deviation;
fractional scores have a minimum value of 0.0 and maximum value of 1.0
Week 1
Week 4
Week 7
SHUEE Score (mean ± SD)
Spontaneous Functional Analysis (SFA)

0.54±0.09

0.69±0.09

0.71±0.09

Dynamic Positioning Analysis (DPA)

0.49±0.11

0.67±0.10

0.68±0.10

Grasp-Release Analysis (GRA)

0.72±0.16

0.80±0.12

0.80±0.12

Table 3-13: Changes in SHUEE Scores – Results of paired t-test
SHUEE Score
Week 1 vs. 4
Week 4 vs. 7

Week 1 vs. 7

Spontaneous Functional Analysis (SFA)

0.006*

0.001*

0.008*

Dynamic Positioning Analysis (DPA)

0.003*

0.015*

0.002*

Grasp-Release Analysis (GRA)

0.177

1.000

0.177

* p-value significant at α=0.05
The standardized activity-based functional outcome assessment Shriners Hospital Upper
Extremity Evaluation (SHUEE) results are demonstrated in Table 3-7, showing significant change
in spontaneous function and dynamic positioning throughout the study, but no change in grasp
and release function.
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3.5.8 Propulsion Pattern

Figure 3-8: Subject Self-selected Propulsion Pattern Changes – Sagittal plane hand trajectory
for individual subjects at the three assessment points
Figure 3-8 presents the sagittal view of propulsion patterns from each individual subject
at each assessment. It is clear from these results that several subjects maintained very similar
propulsion patterns throughout the study (subjects 1, 2, 3, and 6), one had slight changes in
pattern (subject 7), and several had significant changes (subjects 4, 5, 8, 9, and 10) through the
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course of the therapy program. Qualitatively, most of the subjects increased the size of the
propulsion pattern (distance traveled by the 3rd metacarpal-phalangeal joint), and patterns
changed toward a qualitatively smoother (fewer abrupt directional changes) semicircular profile.
3.5.9 Response to Interventions and Demographics
A significant amount of data was collected during the study from charts, record reviews,
and interviews with the primary physical and occupational therapist responsible for each patient’s
care. Each subject had a different primary therapist and the specific therapy program was
different for each subject. Results of the statistical analysis (Table 3-8) indicate which metrics
were significant in the statistical model, where significance indicates that a metric predicted
change in musculoskeletal kinematics in response to therapy. Gender, age, and diagnosis were not
significant predictors of response to therapy. The propulsion pattern employed by the patient was
significant in predicting response to therapy. Assessments by physical and occupational therapists
documenting progress were correlated with kinematic response, and those therapists who
considered wheelchair use in designing the therapy program had more successful outcomes.
Stretching was the only therapeutic modality that was significantly related to kinematic response.
Table 3-14: Subject Kinematic Response based on Interventions and Demographics –
Results of generalized linear mixed regression model (continued on the next page)
Parameter
Model p Description
Gender

0.077

Gender of subject

Age

0.061

Age of subject (to the nearest year)

Diagnosis

0.053

Broad diagnosis of subject

Propulsion Pattern

0.027*

Which of the four common propulsion
patterns employed (closest)

Number of Sessions per Week

0.495

PT and OT sessions per week

Weekly Duration

0.045*

Total weekly therapy duration

PT Assessment

0.047*

Yes or No – Did PT observe progress?

OT Assessment

0.038*

Yes or No – Did OT observe progress?

PT Strength Training

0.116

Yes or No – Was strength training
included in the therapy program?
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Parameter

Model p

Description

PT Balance and Core Training

0.098

Yes or No – Was balance/core training
included in the therapy program?

PT Motor Planning

0.568

Yes or No – Was motor planning included
in the therapy program?

PT Stretching

0.040*

Yes or No – Was stretching included in the
therapy program?

Wheelchair-Specific Focus

0.025*

Yes or No – Did the therapist consider
wheelchair use in directing therapy?**

OT Functional ADLs

0.083

Yes or No – Were functional ADLs
trained?

OT Coordination Skills

0.099

Yes or No – Were coordination skills
trained?

OT Fine Motor Skills

0.082

Yes or No – Were fine motor skills
included in the therapy program?

* p-value significant at α=0.05
** note: no training was done with the patient in the wheelchair
3.5.10 Inter-Trial Measurement Repeatability
For each assessment at each time point in the study, two separate kinematic trials were
recorded for each subject. Statistical correlation analysis was performed to determine inter-trial
measurement repeatability of the system (Table 3-9). Pearson correlation coefficients for
spatiotemporal parameters, joint range of motion, and musculotendon excursion (Table 3-9 and
Figure 3-9) were high and correlations were significant for all parameters, demonstrating intertrial measurement repeatability of the system. An additional finding of note is that the metrics
with higher Pearson correlation coefficients are the metrics with the least standard deviation in
the data, and vice versa. This may suggest that within-subject variability is inversely related to the
repeatability of inter-trial measurements.
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Table 3-15: Inter-Trial Measurement Repeatability – Results of correlation analysis
Metric Type
Pearson Correlation Coefficient Significance (p)
Spatiotemporal Parameters

0.792

0.001*

Joint Range of Motion

0.853

0.001*

Musculotendon Excursion

0.931

0.001*

* p-value significant at α=0.05

Figure 3-9: Inter-Trial Pearson Correlation for Categorical Metrics
3.6 Discussion
Overall results of the 7-week longitudinal study of pediatric manual wheelchair
propulsion biomechanics in response to intensive therapy demonstrate significant changes in
some outcomes, including spatiotemporal parameters, joint kinematics, musculotendon excursion,
standardized outcome measures, and propulsion pattern. Additionally, kinematic response to
therapy was significantly correlated to several subject parameters and intervention modalities.
Overall, spatiotemporal parameters showed insignificant change through the duration of
the longitudinal study. Speed and cadence were consistent, and the only parameter showing
significant change was contact angle. A change in contact angle is documented in the literature in
response to longitudinal physical therapy in adult manual wheelchair users (De Groot et al.,
2008). Further studies have shown that speed of propulsion is not related to changes in contact
angle (Gil-Agudo et al., 2010). It is suggested that the change in contact angle leads to increased
propulsion efficiency by optimizing the starting point of propulsion.
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Joint ranges of motion were mostly consistent throughout the longitudinal study, with the
exception of the shoulder elevation and wrist angles. Several subjects also showed increased
elbow flexion, but not enough to be significant for the population. Musculotendon excursion
results demonstrate significant change in the range of motion of the anterior and lateral deltoid,
teres major, and coracobrachialis musculotendon complexes during some parts of the longitudinal
study, but not as a consistent trend throughout the 7 weeks. The results are expected based on
increased shoulder elevation seen in joint kinematics results, which would naturally affect
mobility of muscles acting across the shoulder. Given that propulsion pattern and the size of
propulsion trajectory (distance traveled by the 3rd metacarpal-phalangeal joint) also changed
during the course of the study in many subjects, this pattern-dependent change in musculoskeletal
kinematics at the shoulder is consistent with documentation of this effect in the literature (Rankin
et al., 2012). Thoracic lateral flexion kinematics also showed significant change. Changes in
thoracic flexion are expected in response to therapy, and represent improvements in upper
extremity strength (Rodgers et al., 2000), but this refers to the sagittal plane, not the coronal plane
changes observed in this study. The significant reduction in thoracic lateral flexion range of
motion was only observed between weeks 1 and 4, and can most likely be explained by improved
upright posture due to the intensive therapy. There was no significant change during weeks 4 to 7,
suggesting an initial response based on the intensive activity levels, which levels off by midcamp.
Results of the Wheelchair Propulsion Test (WPT) showed significant changes in speed
during weeks 4-7, and overall weeks 1-7, but not weeks 1-4. There was a significant increase in
effectiveness (distance per propulsion) overall in weeks 1-7. These results demonstrate an
increase in speed, but the markerless system did not show the same increase in the speed
parameter. This indicates either a difference in measurement speed or propulsion speed between
the two methods. The WPT is set up in the therapy gymnasium with a start and end line, so the
subjects may have increased motivation to finish quickly, while in using the markerless
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assessment system, two sets of twenty propulsion cycles are performed. It is theorized that the
deviation can be explained by this discrepancy – the WPT is measuring maximal speed in a
defined test, while the markerless system is measuring steady-state propulsion speed, closer to
what would actually be encountered in everyday overground propulsion conditions. Additionally,
the influence of the resistance of the platform itself may have been a factor, even though
resistance was adjusted to simulate patient anthropometry. Further, the WPT was conducted in
the therapy gymnasium, and the subjects had their friends watching, possibly creating a
motivational effect on the results, while the markerless assessment was conducted in an isolated
corner to minimize object distractions for the markerless sensing.

Figure 3-10: Documented Change in Propulsion in Response to Longitudinal Intensive
Therapy Program -- Results for representative subject, male, age 15, with Charcot-Marie-Tooth
Disorder
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Figure 3-11: Visible Change in Musculoskeletal Model Propulsion Strategy in Response to
Longitudinal Intensive Therapy Program -- Results for representative subject, male, age 15,
with Charcot-Marie-Tooth Disorder; OpenSim model captured at set increments of propulsion
cycle for each assessment period
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To demonstrate the results of the study, a case study is extracted from the data, a male
subject, age 15, with Charcot-Marie-Tooth disorder. Figure 3-10 demonstrates that this subject
had a larger propulsion pattern (i.e. increased distance traveled by the hand) and smoother
transitions from push to recovery and recovery to push phases at the end of the seven-week study.
The subject also increased propulsion speed, with shorter cycle time and higher cadence during
the seven-week study. It is also clear from the joint kinematics data that consistency between
trials was improved as a result of the therapy program – each kinematic trajectory becomes more
consistent. There was greater elbow extension in the week 7 assessment, and a greater elbow
excursion. This is confirmed by reviewing the OpenSim model pictorial results (Figure 3-11)
which clearly show increased elbow extension mid-cycle. It is noted that the subject, at week 1,
pushed faster (in terms of rotational velocity of the wheel during push phase, and simulated
ground speed metrics), decreased speed during week 4, and increased again during week 7.
Throughout, the propulsion pattern became smoother and longer. The speed is self-selected for
each assessment, and the subject is asked to push as they normally would. It is possible that this
result can be explained by the subject applying a very high effort during the first assessment, and
lower effort in subsequent weeks. It could also be an effect of the intensive camp environment –
if the subject, through daily life and activity participation, is pushing much more than usual,
exertion could play a role in this observation.
The Shriners Hospital Upper Extremity Evaluation (SHUEE) results showed significant
change in spontaneous function and dynamic positioning throughout the study, but no change in
grasp and release function. While the SHUEE is not specific to wheelchair propulsion, these
results demonstrate that the subjects were receiving therapeutic interventions that broadly affect
upper extremity function. The subjects received no direct training while in their wheelchairs
during the course of the study, nor any guidance on propulsion technique. Thus, therapy received
by the subjects in combination with documented improvements on the SHUEE suggest that
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wheelchair propulsion kinematics observed in the study are influenced by general upper extremity
function.
A sagittal view of propulsion patterns from each individual subject at each assessment
demonstrate clearly that several subjects maintained very similar propulsion patterns throughout
the study, while others had significant changes in response to the therapy program. Most of the
subjects increased the size of the propulsion pattern (distance traveled by the 3rd metacarpalphalangeal joint), and patterns changed toward a qualitatively smoother semicircular profile.
After an extensive search, no literature has been found documenting change in propulsion pattern
in response to therapy conducted outside the wheelchair. Further work is suggested to detail and
confirm this finding in the pediatric manual wheelchair user population.
Gender, age, and diagnosis were not significant predictors in response to therapy, but the
propulsion pattern employed by the patient was found to be a significant predictor of therapeutic
response. Other work has shown that propulsion pattern affects musculoskeletal kinematics
(Rankin et al., 2012), but this is the first study to document propulsion pattern as a therapeutic
response predictor. Assessments by physical and occupational therapists were also correlated with
kinematic response, and those therapists who considered wheelchair use in designing the therapy
program had more successful outcomes. This confirms that the system is able to document
therapeutic progress in this population. Stretching was the only therapeutic modality that was
significantly and individually related to kinematic response, suggesting that perhaps a
combination of therapeutic modalities for each patient is responsible for the positive outcomes.
Inter-trial repeatability was significant for spatiotemporal parameters, joint kinematics,
and musculotendon excursions. This suggests that the markerless wheelchair propulsion
kinematic assessment system (Chapter 2) is a repeatable measurement tool for pediatric manual
wheelchair users, and is able to detect changes that are greater than the inherent normal variability
in the population. Given inter-trial repeatability, and significant correlation of physical and
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occupational therapist evaluations with outcome measures, the system is recommended for further
quantitative assessment use in pediatric manual wheelchair users.
In terms of knowledge of therapeutic outcomes for pediatric manual wheelchair users,
several key advances may be derived from this study. Therapy targeted to improve general upper
extremity function and daily activity participation, even with no wheelchair-specific training, lead
to changes in type and size of propulsion pattern (distance traveled by the 3rd metacarpalphalangeal joint), differences in shoulder kinematics and increased musculotendon excursion. The
propulsion pattern employed by the subject is a significant factor in predicting response to
intensive community-based therapy. Finally, the markerless system, developed in Chapter 2,
correlates with therapist evaluations of pediatric patient progress and exhibits significant intertrial measurement repeatability. Future work is suggested to perform a significantly larger and
longer-term study to determine the factors leading to positive therapeutic response, focused on
evaluating which specific propulsion pattern leads to the most significant response. Additionally,
it is suggested that activity levels of the subjects be tracked to quantify the increases in activity
participation.
3.7 Chapter Conclusion
This chapter presented a research study that applied the markerless wheelchair propulsion
assessment system developed in Chapter 2 to study pediatric manual wheelchair users undergoing
a longitudinal intensive therapy program. Based on the hypotheses and approaches applied,
several insights were gained from the study:
•

Pediatric manual wheelchair users were found to change propulsion patterns in response
to therapy conducted outside of the wheelchair and intensive activity participation.

•

The propulsion pattern employed by these users was determined to be a significant
predictor of kinematic response to therapy.
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•

The system was shown to be repeatable for inter-trial measurement of spatiotemporal
parameters, joint kinematics, and musculotendon excursions.

As the first clinical application of the markerless propulsion assessment system, this study
proved its feasibility and provided valuable insight into pediatric wheelchair propulsion
biomechanics and therapeutic techniques.
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CHAPTER 4: APPLICATION OF PEDIATRIC WHEELCHAIR PROPULSION TRAINING: A
FIELD STUDY IN A COMMUNITY SETTING

4.1 Chapter Introduction
This chapter describes the development of a visual biofeedback-based paradigm,
combined with a quantitative outcome assessment, for training pediatric manual wheelchair users
to employ different propulsion patterns. Further, these pilot training results are evaluated to gain
additional knowledge relating to the pattern-specific training efficacy, differences in
musculoskeletal response based on pattern, and correlations observed among parameters. Aim 3
tests the following hypotheses:
•

Visual biofeedback with kinematic assessment effectively trains pediatric manual
wheelchair users to use common propulsion patterns.

•

Training response, in terms of learning and kinematics, is related to the kinematic
complexity (degrees of freedom) of the propulsion pattern employed.

•

The motor learning process in propulsion training is related to underlying changes in joint
and musculotendon kinematics.

Approaches used to test these hypotheses include:
•

Developing a biofeedback component for the system and performing a pilot study to
analyze the training protocol.

•

Statistical comparison of the motor learning process, parameters, and kinematics among
the trained patterns.

•

Investigating the joint and muscle changes during training, using jerk analysis, to
describe and differentiate musculoskeletal injury risk among propulsion patterns.
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This pilot study will be submitted for publication in the Journal of Biomechanics as a Short
Communication format manuscript.
4.2 Abstract
Manual wheelchair use by children with physical disabilities promotes substantial risk of
orthopaedic injury to the upper extremities. Mechanical and metabolic efficiency depend on
propulsion strategy and training experience, affecting daily mobility. Efficiency and injury risk
have been evaluated extensively in adults, without consensus on a method to determine optimal
propulsion strategies for individual users. Pediatric manual wheelchair (PMW) users have
additional considerations, including effects of growth and development. There is a need to
evaluate these effects and develop a methodology to determine optimal propulsion strategies and
deliver improved efficacy and accessibility of manual wheelchair propulsion training.
In this study, a visual biofeedback manual wheelchair propulsion training and
biomechanical evaluation system is developed based on markerless motion capture. The
automated system is applied in an exploratory, prospective study of 5 PMW users and found to be
effective in wheelchair propulsion training of four standardized patterns for this population.
Statistically significant (p<0.05) differences were identified in pairwise comparison between
patterns in a subset of joint kinematics, musculotendon excursions, and spatiotemporal
parameters. More complex patterns with higher degrees of freedom were found to be more
difficult for training users. These differences may be used as a starting point to analyze injury risk
and propulsion efficiency in daily mobility for PMW users. Further work is suggested to evaluate
the differences in mechanical and metabolic efficiency among propulsion strategies in a larger
population with the aim to improve quality of life and reduce orthopaedic injury risk for PMW
users. The system is recommended for propulsion training and evaluation in clinics, community
centers, and home therapy programs.
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4.3 Introduction
Overuse injury has a high incidence among manual wheelchair users, and research has
shown that 61.5% of individuals report regular shoulder pain (Boninger et al., 2005; Finley et al.,
2004). Injury at the shoulder is most likely, since shoulder motion contributes the highest joint
moment during manual wheelchair propulsion, resulting in common pathologies including
supraspinatus tendinosis, bursitis, labral tears, degenerative arthrosis, edema, and ligament
thickening (Sabick et al., 2004; Morrow et al., 2014). Upper extremity propulsive patterns have
been characterized in an attempt to identify an optimal technique that reduces risk of injury.
Four common upper extremity propulsion patterns have been identified using twodimensional passive marker trajectories representing hand kinematics in the anterior-posterior and
superior-inferior directions. These patterns include:
•

Arcing (ARC)—the hand remains along the path of the pushrim during recovery:

•

Semicircular (SC)—the hand drops below the pushrim during recovery;

•

Single-looping-over (SLOP)—the hand moves above the pushrim during recovery; and

•

Double-looping-over (DLOP)—the hand moves above, then below, the pushrim during
recovery (Boninger et al., 2002).

Differences in muscle demand and fatigue (Rankin et al., 2012) and mechanical and metabolic
efficiency have been identified among the different propulsive patterns (de Groot et al., 2008).
Information regarding shoulder dynamics associated with overuse-injury, including
temporal-spatial parameters, three-dimensional kinematics and muscle-tendon excursions, has not
been provided. Typically this information is collected using motion capture technologies that
have both benefits and limitations. Although motion capture systems are highly accurate and
sensitive to change over time, evaluations are often time-consuming and costly. There is
currently no markerless, low-cost system that can quantitatively assess upper extremity
kinematics during wheelchair propulsion.
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The current work introduced a portable, low-cost, markerless motion capture system that
provides inputs for advanced musculoskeletal modeling of the upper extremity during the four
manual wheelchair propulsive patterns. Unique temporal-spatial parameters, upper extremity
kinematics, and muscle-tendon excursions were identified among the four propulsive patterns. It
is anticipated that such information could help identify propulsive characteristics associated with
upper extremity over-use injury. In the future, this system could be extended to home and
community outreach applications to evaluate upper extremity dynamics and provide training to
manual wheelchair users.
4.4 Methods
4.4.1 Motion Capture and Kinematics Processing

Figure 4-1: Wheelchair Propulsion Training System Schematic – The motion capture system
includes (A) a wheelchair roller platform and two markerless motion sensors positioned laterally
to the subject; (B) the automated training interface displaying live skeletal tracking and
propulsion visual biofeedback; (C) musculoskeletal model to compute joint kinematics and
musculotendon lengths; and (D) formatted 2-page output including joint kinematics and
spatiotemporal parameters of wheelchair propulsion (left sheet), normalized musculotendon
lengths and visual depiction of propulsion pattern (right sheet).
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The motion capture component of the system (Figure 4-1A) was designed to be portable
and cost-effective while maintaining sufficient accuracy. In contrast with established laboratory
techniques (Dellabiancia et al., 2013), markerless detection eliminates the need for physical skinattached markers. Hardware includes two Microsoft® Kinect® v2 infrared position sensors and
two standard desktop PCs. Past work found that the motion capture system accurately tracked
body position (Rammer et al., 2014), with the individual sensors having a reduction in precision
of approximately one order of magnitude compared to high-end marker-based motion analysis
laboratory systems (Dutta, 2012), but at a substantially lower cost. The sensors were positioned
laterally to both sides of the subject at a distance of approximately 1 meter. The real-time, avatarfitted skeletal tracking model produced joint center locations and segment orientations for all key
joints of the upper extremities. This data was used for simplified real-time processing and display
and stored for more detailed musculoskeletal analysis in post-processing. The motion capture
component was developed in Chapter 2, with the visual biofeedback component added here.
A wheelchair roller platform was used to allow continuous, steady-state propulsion
within small spaces (Rammer et al., 2015). The platform design was based on an inertial
dynamics model, configured to each participant’s individual wheelchair specifications, providing
inertia and resistance equivalent to what the user would experience during daily propulsion.
4.4.2 Propulsion Detection and Visual Biofeedback
The two-dimensional trajectory of the third metacarpal-phalangeal (MCP) joint was
tracked in real time as an indicator of hand position relative to the pushrim. To calibrate the
location of the pushrim, the user was asked to grasp it in the furthest rearward location and the
system was calibrated to that position. A clinician selected either the user’s typical pattern or a
target propulsive pattern based on the four described by Boninger et al. (2002) and target
propulsion cadence. The interface (Figure 4-1B) displayed real-time visual biofeedback including
two-dimensional trajectory of the MCP joint relative to the pushrim overlaid with a desired target
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propulsive pattern. The desired target propulsion patterns were derived from the four standard
adult patterns (Boninger et al., 2005), and were the same geometric shape for each subject, scaled
proportionally to the wheelchair wheel size.
A score was displayed after each propulsion cycle indicating conformity to the target
propulsive pattern, which incorporated deviations from both the desired pattern and cadence.
Scores were computed after each propulsion cycle using a standard RMS error comparison of
current with ideal MCP trajectory. RMS error is computed as the average of the distance between
each point on the target trajectory and each corresponding point on the subject’s current
trajectory. A high score (>90%) represents low RMS error, indicating that the user was
successfully tracking the desired propulsive pattern. The 90% threshold was selected in
experimental testing – many users are unable to reach a perfect 100% tracking, but 90% produces
a pattern that very closely tracks the desired pattern. Detailed motion capture data was
simultaneously recorded for later analysis.
4.4.3 Patient Evaluation Protocol
Five PMW users participating in an intensive community-based physical and
occupational therapy program were enrolled in the study. The protocol was IRB-approved, and
informed consent of the parents and assent of the children were obtained prior to beginning the
study. Subjects were aged 8-15 years, 4 male and 1 female, 1 with Charcot-Marie-Tooth disorder
and 4 with spina bifida. All participants used a manual wheelchair as primary means of daily
mobility. All subjects have used a manual wheelchair since approximately five years of age. Each
subject used their own daily-use manual wheelchair, which was assumed to be properly
configured and not evaluated or adjusted for the purposes of this study. These subjects are the
same subjects tested in the longitudinal study of Chapter 3, but this study was begun after the
longitudinal study had ended.
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Anthropometric measurements were taken of each subject, and the roller platform was
configured for accurate simulation based on the individual’s weight. A ten second static trial was
performed with the participant seated with their shoulders abducted 90º laterally and palms facing
anteriorly to calibrate detection of static muscle lengths for normalization. Each subject was
evaluated at baseline to characterize their typical propulsion pattern. Next, they were trained in
each of the remaining three propulsive patterns in random order until a consistent accuracy of
greater than 90% was achieved for each. All evaluation was completed in a single session, with a
rest period between each training effort, to minimize potential effects of fatigue and exertion.
4.4.4 Musculoskeletal Model
The upper extremity musculoskeletal model (Figure 4-1C) was adapted from a validated
OpenSim model (Saul et al., 2014) to conform to the unique requirements of markerless motion
capture technology. A custom MATLAB interface translated the detected segment position and
orientation into a virtual marker set. This position data was input to the model for iterative inverse
kinematics and muscular analysis computations, resulting in comprehensive joint kinematics and
musculotendon lengths for the trunk and upper extremities. The model included all upper body
muscles, but this analysis focused on those which are most active during manual wheelchair
propulsion (Rankin et al., 2011). Thoracic kinematics were also included, as trunk motion may
predict upper extremity orthopaedic injuries (Rodgers et al., 2000). Joint kinematics were
displayed according to ISB coordinate system recommendations (Wu et al., 2005).
4.4.5 Analysis Procedure
Automated script captured the results during the exploratory study and produced a
formatted output report (Figure 4-1D) containing joint kinematics, musculotendon lengths,
spatiotemporal parameters, and two-dimensional MCP trajectories for five subjects while
performing each of the four common propulsion patterns. The left and right upper extremities
were considered separately, yielding n=10 data sets, each containing 8 selected trials for each of
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the 4 propulsion patterns. Initial analysis focused on exploring differences detected among
propulsion strategies while ensuring that propulsion patterns were trained effectively.
The aim of the study was to compare differences in upper extremity mechanics among
the four adult manual wheelchair propulsive patterns. Generalized linear mixed regression models
identified which joint kinematic, musculotendon length, and spatiotemporal parameters differed
across patterns. Intra-subject correlation between left and right extremities and between trials was
accounted for in the model. A series of post-hoc multiple comparison tests identified the pairs of
propulsion patterns exhibiting significant (α=0.05) difference for each identified metric. A
univariate ANOVA was performed on the RMS error values from the first (pre-training) and last
(post-training) trials across the patterns, to determine if propulsion training was being effectively
performed. Successful training, in this analysis, is defined as a significant decrease in RMS error
over the trials. Post-hoc Tukey multiple comparison was performed pairwise on each of the trials,
in order to determine the number of trials required to produce a significant change in RMS error.
All tests were conducted at α=0.05.
An additional aim of the study was to analyze the kinematic basis for training and change
in propulsion pattern. This was assessed through a case study of a female subject, age 11, with
spina bifida. This exploratory analysis focused on the primary acting joints of manual wheelchair
propulsion – shoulder motion (occurring primarily in the sagittal plane, but for this analysis
mapped to thoracohumeral elevation), and elbow flexion in the sagittal plane. The subject’s
baseline pattern (ARC) was compared to the pattern with the highest difficulty in terms of
degrees of freedom (DLOP). The angular position, velocity, and acceleration are calculated,
analyzed, and presented for each joint.
4.5 Results
The visual biofeedback-based training system produced hand trajectories relative to the
pushrim that migrated toward the target trajectory. RMS errors comparing the current trial’s MCP
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trajectory to the target decreased with training (Figure 4-2). Error progressions had observable
differences based on propulsion pattern kinematic complexity (with more complex patterns such
as DLOP starting at higher RMS error), baseline value (with lower initial RMS error exhibiting
reduced absolute change across the trials), and inter-subject response (with differences in speed of
adaptation). Analysis of training revealed significant difference in RMS error (p<0.01) between
the first and last trial, and no significant difference (p=0.180) among propulsion patterns. Posthoc analysis showed that RMS error significantly decreased after 9 propulsion cycles (p<0.05).
Results suggest that the system can successfully train users in each of the common patterns.

Figure 4-2: Training Efficacy – Left sagittal view of hand trajectory for representative subject
for 12 selected trials in each of the four common propulsion patterns, where bold lines represent
target movements (top); Tracking error change during 12 trials selected from a training session
for 5 subjects, left and right sides considered separately for 10 trials total, in each of the four
common propulsion patterns (bottom)
Analysis of spatiotemporal data (Table 4-1) identified a main effect of propulsive pattern
on both cadence and cycle time (p<0.01). Pairwise comparisons identified that DLOP had both a
lower cadence and higher cycle time (p<0.05) than SC, SLOP, and ARC. The small population
did not provide sufficient statistical power to identify differences in the remaining metrics,
potentially compounded by the relatively high variability observed in several of the metrics.
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Table 4-1: Comparison of Spatiotemporal Parameters among Propulsion Patterns – Means
and standard deviations of each metric for each pattern. Model p values provided for each metric
indicate significance (asterisks for p<0.01) in the regression model, and pairwise comparisons
among patterns show significance in DLOP-ARC, DLOP-SC, and DLOP-SLOP pairs (p<0.05)
for cadence and cycle time (Continued on the next page)
METRIC
Propulsion Patterns (Mean ±SD)
MODEL
p
ARC
DLOP
SC
SLOP
Cadence
(cyc/s)

0.71±0.03

0.56±0.03

0.67±0.04

0.66±0.03

Contact
Angle (deg)

49.79±20.67

-8.32±35.07

28.16±35.48

-1.65±43.88

Cycle Time
(s)

1.42±0.05

1.83±0.11

1.52±0.10

1.54±0.08

Prop.
Efficacy
(deg/cycle)

58.07±16.07

93.48±22.83

83.16±21.17

174.69±79.56

Prop.
Velocity
(deg/sec)

79.41±18.44

143.70±70.86

106.62±30.67

264.67±112.0

Prop. Hand
Path (mm)

286.26±81.7

465.12±112.3

418.1±112.4

830.3±349.8

Rec. Hand
Path (mm)

113.45±35.4

145.17±81.40

119.52±53.59

145.64±76.31

Propulsion
Time (%)

0.51±0.04

0.47±0.08

0.51±0.05

0.44±0.05

Recovery
Time (%)

0.49±0.04

0.53±0.08

0.49±0.05

0.57±0.05

Speed (m/s)

0.39±0.09

0.69±0.31

0.54±0.16

1.26±0.50

0.004*
0.454
0.008*
0.326

0.311
0.304
0.639
0.971
0.639
0.278

Mean two-dimensional MCP trajectories among the four propulsive patterns are shown in
Figure 4-3A. Corresponding upper extremity joint kinematics for the sagittal plane (Figure 4-3 BD) demonstrate differences in wrist, elbow, and shoulder motion among the patterns. Differences
appear more pronounced during the second half of the cycle (the recovery phase), as expected.
DLOP, in particular, has more directional changes in wrist and elbow flexion when compared
against the other patterns. This can be described as degrees of freedom (DOF), as a method to
quantify abrupt directional changes in a given propulsion pattern, assigning each pattern a degrees
of freedom (DOF) value. The semicircular (SC) pattern has no abrupt directional changes, and
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therefore DOF=0. With abrupt directional changes during the respective cycles, SLOP has a
DOF=1, ARC has a DOF=1, and DLOP has a DOF=2. The assigned DOF values are evident in
Figure 4-3C, depicting sagittal elbow motion, where DLOP clearly has additional directional
changes versus the other patterns.

Figure 4-3: Comparison of Sagittal Plane Kinematics among Propulsion Patterns for
Representative Subject – (A) Left Sagittal view of hand position relative to stationary
wheelchair pushrim; (B) Wrist Flexion/Extension; (C) Elbow Flexion/Extension; (D) Shoulder
Elevation. In all plots, hand position at 0% and 100% of cycle is furthest posterior at the starting
position, and ~45% of cycle represents the transition from push phase (0% to ~45%) to recovery
phase (~45% to 100%). Left and right sides are plotted as separate curves.
Normalized musculotendon lengths during propulsion with each of the four patterns are
shown in Figure 4-4. For proximal muscles of the shoulder girdle, mild alterations in absolute
lengths are observed among the patterns throughout the propulsive cycle, yet the overall length
profiles are similar. Distal musculature (biceps and triceps) had alterations in length profiles
during the second half of the cycle (the recovery phase), comparable to the kinematics results.
The anterior deltoid, teres major, supraspinatus, and infraspinatus are all lengthening at the
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transition phase of the propulsion cycle (60-70%), and these musculotendon complexes are at
highest vulnerability for injury during this eccentric contraction.

Figure 4-4: Comparison of Musculotendon Lengths among Propulsion Patterns Normalized muscle-tendon complex lengths are magnitudes of change relative to the static length
of each muscle-tendon complex. Values indicate length of the muscle-tendon complex during each
propulsion movement.
Figure 4-5A shows joint ranges of motion for the wrist, forearm, elbow, shoulder, and
lumbar spine. Figure 4-5B shows normalized musculotendon lengths for key muscle groups
active in manual wheelchair propulsion. In each case, several of the analyzed joints and muscles
showed statistically significant (p<0.05) differences in pairwise comparison between propulsion
patterns.
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Figure 4-5: Exploration of Kinematic Differences among Propulsion Patterns - (A)
Comparison of joint range of motion; (B) Comparison of muscle range of motion. Horizontal
lines are the results of post-hoc Tukey multiple comparison analysis within the model, and
indicate pairwise significant differences of p<0.05 between patterns. Thus, the joints (A) and
muscles (B) with more horizontal bars have greater pattern-dependence in kinematic response.
Analysis of the kinematic basis for training was conducted by evaluating the angular
position, velocity, and acceleration of the shoulder and elbow joints for a single subject. The
results are analyzed (Figure 4-6) to determine the significant underlying kinematic changes that
produce a response to training. A key observation from this analysis is the different start points of
the ARC and DLOP patterns, but similar angular velocity and acceleration values at the start,
when comparing the kinematics. Thus, the joint velocity and acceleration is the same but the body
position is different depending on pattern. This correlates with previous results demonstrating a
difference in contact angle among the patterns, and is a potential indicator of injury risk that is
pattern-dependent.
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Figure 4-6: Analysis of Kinematic Basis for Propulsion Pattern Training -- Data presented
for a female subject with spina bifida, age 12; ARC pattern is self-selected daily propulsion
pattern; DLOP was trained using the system, and results are presented as averages of 10 trials at
>90% efficacy; Arrows indicate significant effects of training.
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Figure 4-7: Sagittal Hand Trajectory for ARC and DLOP patterns separated by axis (top);
Thoracic motion in coronal and sagittal planes
Figure 4-7 follows the previous findings by showing the hand position differences at the
start and end points and the differences in trajectory between the patterns (particularly visible in
the vertical direction, top right). There is further significant change in the thoracic sagittal and
coronal plane motion between the patterns, which certainly contributes to the joint kinematic
differences observed previously.
Analysis shows that both the elbow and shoulder contribute to the training (Figure 4-6).
The elbow kinematics in flexion show a reduced range of motion in response to the training, with
greater extension throughout the propulsion task (Figure 4-6C). Similarly, shoulder elevation is
increased throughout (Figure 4-6D). Interestingly, the ARC task shows higher peak angular
velocity and acceleration values for both the elbow (Figure 4-6E and G) and shoulder (Figure 46F and H) over the DLOP task. The increased degrees of freedom of the DLOP task are clearly
represented by the increased number of directional changes.
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Based on these unexpected results, an analysis of jerk (derivative of acceleration, or 3rd
derivative of position) was conducted to compare the four patterns. Jerk joint kinematics, in this
case, represent smoothness of movement, with higher levels of jerk representing less smoothness.
Figure 4-7 below presents the results of this analysis. In terms of the joint angular jerk (degrees
per second cubed), some differences may be observed among the patterns. In the sagittal elbow
jerk data (Figure 4-7A), there are significant differences in jerk at hand contact (0%) and during
the recovery phase (50%-100%), with ARC and SC demonstrating higher peak jerk than DLOP
and SLOP. For the shoulder elevation jerk (Figure 4-7B), the patterns are similar, except that
DLOP has lower peak jerk in extension during the recovery phase.

Figure 4-8: Jerk Joint Kinematics of the Four Trained Propulsion Patterns – (A) Sagittal
plane elbow jerk; (B) Shoulder elevation jerk. Computed from post-training sample averaged
kinematics separated by propulsion pattern. Negative jerk values represent the joint motion
toward extension, positive values represent joint motion toward flexion. Computed as the
derivative of average angular acceleration across all trained subjects.
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Figure 4-9: Musculotendon Jerk Kinematics of the Four Trained Propulsion Patterns –
Computed from post-training sample averaged musculotendon kinematics separated by
propulsion pattern. Negative jerk values represent concentric contractions; positive values
represent eccentric contractions. Computed as the derivative of average linear acceleration
across all trained subjects.
A second analysis of jerk kinematics was conducted to compare the musculotendon jerk
kinematics for each of the four trained patterns (Figure 4-8). Several insights can be derived from
this analysis. The teres major and latissimus dorsi both had peak jerk levels during the ARC and
DLOP patterns during the eccentric contraction phase of the muscles, when they are particularly
vulnerable to injury. The supraspinatus and subscapularis both had peak jerk during eccentric
contractions of the SLOP pattern. The biceps and triceps both had peak jerk levels in the SC
pattern. The posterior deltoid had significant peak jerk levels for the DLOP pattern during
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eccentric (1000 °/s3) and concentric (-500 °/s3) contractions. Similarly the anterior deltoid had
significant jerk for DLOP (±9000 °/s3). The lateral deltoid, however, was most significantly
affected by jerk (±5000 °/s3) in the SC and SLOP patterns.
4.6 Discussion
A visual biofeedback-based wheelchair propulsion training system was developed and
implemented in a community setting to test the feasibility of the system in identifying differences
among biomechanics of the four common adult propulsion patterns. Results demonstrated
significant (p<0.05) differences between patterns in several kinematic parameters. Among the
patterns, although joint kinematics and musculotendon lengths were fairly consistent throughout
the contact phase, clear differences were identified in the recovery phase of the propulsion cycle.
Those differences were greater at the more distal joints (wrist and hand) and muscles (biceps and
triceps). Additionally, the DLOP pattern, with the highest DOF, was significantly different
pairwise than the remaining three patterns in terms of spatiotemporal parameters.
It is possible that musculotendon excursion data can be used to gain more insight into
muscle activation patterns during propulsion. Compared to a clinical study measuring individual
muscle stresses during wheelchair propulsion (Rankin et al., 2012), the average stress on
individual muscles during propulsion appears to inversely mirror the musculotendon excursion
range data collected here. That is, Rankin et al. found the posterior deltoid to have the lowest
average stress at the shoulder, while the lateral deltoid had the highest stress. These results are
inverted in this study – where the posterior deltoid had the highest normalized musculotendon
excursion, and the lateral deltoid the lowest at the shoulder. Thus, it is implied that there is an
inverse relationship between musculotendon excursion and muscle average stress during
wheelchair propulsion. In the absence of electromyography, musculotendon excursion has
potential to meaningfully describe muscle activation changes, and potentially the risk of
orthopaedic injury.
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Analysis of the musculoskeletal basis for training effect revealed several key insights.
Both the elbow and shoulder contribute kinematically to training effects, with the DLOP pattern
having lower velocity and acceleration. Analysis of joint kinematic jerk revealed a lower jerk for
the DLOP pattern in shoulder extension, and more directional changes but lower peak jerk at the
elbow. Analysis of musculotendon jerk revealed that peak jerk levels were observed during
eccentric contractions of the anterior deltoid, posterior deltoid, teres major, and latissimus dorsi
for the DLOP pattern, and for some muscles to a lower degree in the ARC, SC, and SLOP
patterns. Given that muscles have higher risk of injury during eccentric contractions, and high
levels of jerk imply substantial muscle activity, these results suggest that the DLOP pattern is
particularly risky for the musculotendon complexes acting on the shoulder. Minimizing this level
of jerk for individual subjects holds promise in the development of patient-specific, tailored
propulsion patterns to improve efficiency and reduce injury risk.
Previous visual biofeedback systems for manual wheelchair training display numerical or
bar-graph data on-screen (de Groot et al., 2002; Richter et al., 2011; Rice et al., 2010; Rice et al.,
2013), while the markerless system developed here displayed a sagittal plane view of propulsion
pattern and instantaneous scoring, a method that targeted hand position. Boninger et al., 2002,
and de Groot et al., 2008, also found significant difference in cadence (and cycle time) among the
patterns, and like this study found DLOP to have the lowest cadence and ARC the highest. This
visual presentation of propulsion pattern was necessary to provide accurate training for the study.
Several limitations of the study should be noted. The small size and relative homogeneity
of the tested population do not necessarily represent the broad population of PMW users. The
study was designed to verify the efficacy of the system for propulsion training and perform an
initial exploratory analysis of inter-pattern differences. A larger study with a more diverse
pediatric population is needed to thoroughly assess efficiency and injury risk. Additionally, the
study was performed in a single visit for each patient. Thus, the retention and effects of training
after the session are unknown and should be investigated further in future work. The system
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performs only kinematic and spatiotemporal analysis, without kinetics, energetics, or
electromyography included. Addition of these metrics would provide a broader understanding of
the physiologic mechanisms involved in training adaptation and propulsion efficiency. The study
only addresses the four common patterns identified in adults, and not the in-between patterns
recently discovered in pediatric manual wheelchair users. The four patterns were chosen because
they represent distinct and recognizable extremes of wheelchair propulsion patterns that form a
baseline for future assessment.
The wheelchair propulsion training and assessment system can successfully train and
evaluate users in alternate patterns, and is easily installed in community settings. Results of the
study suggest several differences among propulsion strategies based on the underlying kinematics
and injury risk. The trainability of a specific pattern depends on the number of abrupt directional
changes, or degrees of freedom – the more degrees of freedom, the more difficult the pattern is to
learn. There are also pattern-dependent jerk levels, with the DLOP having the highest eccentric
contraction jerk in musculotendon complexes crossing the shoulder, implying significantly
elevated risk of injury for this pattern. A large-scale, targeted, research-focused study is suggested
to fully characterize and interpret these differences in the context of PMW injury risk and
efficiency. This cost-effective system can improve the efficacy of clinical therapy programs and
enhance research output by extending treatment and evaluation into community or home settings.
4.7 Chapter Conclusion
This chapter presented a pilot study to learn more about pediatric manual wheelchair
propulsion training techniques, by testing the feasibility of an automated visual biofeedback
system. Based on the approaches applied in the exploratory study, several discoveries were
gained from the study.
•

Visual biofeedback and kinematic assessment during pediatric manual wheelchair
propulsion is effective in training users to modify propulsion pattern.
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•

The kinematic complexity (degrees of freedom) of propulsion pattern influences training
response in terms of learning difficulty and kinematic variables.

•

Jerk in musculotendon complexes is pattern-dependent and frequently peaks during the
vulnerable eccentric contraction of key muscle groups, implying an elevated patterndependent injury risk, particularly in the DLOP pattern.

110
CHAPTER 5: CONCLUSION

5.1 Chapter Introduction
This chapter integrates the results of the three research aims completed under this
dissertation and advances the body of knowledge on pediatric manual wheelchair propulsion
biomechanics. The following sections summarize the findings and their research impact, describe
the limitations of the studies, and propose future directions for the research program to continue
to advance the science in this field.
5.2 Summary of Findings
Aim 1 (Chapter 2) tested the following hypotheses:
•

A system can be developed that is appropriate to the needs of physical therapists and
manual wheelchair users.

•

Markerless motion capture and musculoskeletal models effectively and reliably track
upper extremity joint kinematics, musculotendon excursions, and spatiotemporal
parameters describing pediatric manual wheelchair propulsion and are sensitive to
change.

•

The system is accurate and effective in providing clinical data.

Approaches used to test these hypotheses included:
•

The use of targeted, systematic interviewing techniques to survey user needs.

•

Development, systems integration, and sensitivity analysis.

•

Technical evaluation and literature review of efficacy.

Based upon the hypotheses and approaches applied, several insights were gained from the study:
•

Systematic interviewing successfully promotes targeted technical development and
research directions.
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•

Markerless motion capture with musculoskeletal model integration effectively and
reliably tracks upper extremity motion and musculotendon analysis is sensitive to joint
kinematic changes.

•

The system was shown to have sufficient accuracy in providing this clinical data.
The study developed and assessed a markerless pediatric wheelchair propulsion

kinematic assessment system, and found that systematic algorithms that integrated Microsoft
Kinect technology with OpenSim musculoskeletal modeling are effective. Characterizing the
system for several user groups revealed its efficacy in clinical, international, and community
settings. Further studies (Chapter 3) demonstrated inter-trial measurement repeatability of the
system for spatiotemporal parameters, joint kinematics, and musculotendon excursion for
pediatric manual wheelchair users. Additionally, significant correlation between detected
response to therapy and physical and occupational therapist-documented outcomes was
confirmed. The system is recommended for use in clinical assessment and pediatric wheelchair
propulsion biomechanics research.
Aim 2 tested the following hypotheses:
•

Pediatric manual wheelchair users change propulsion pattern in response to therapy.

•

Propulsion pattern is a predictor of therapeutic outcomes.

•

The system developed in Aim 1 is repeatable for assessments of manual wheelchair users.

Approaches used to test these hypotheses included:
•

Conducting a longitudinal study to evaluate the effect of an intensive therapy program.

•

Statistical modeling to relate demographics and interventions to kinematic outcomes.

•

Collecting two complete trials during each assessment week to perform statistical
correlation analysis on inter-trial repeatability.

Based on the hypotheses and approaches applied, several insights were gained from the study:
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•

Pediatric manual wheelchair users were found to change propulsion patterns in response
to therapy conducted outside of the wheelchair and intensive activity participation.

•

The propulsion pattern employed by these users was determined to be a significant
predictor of kinematic response to therapy.

•

The system was shown to be repeatable for inter-trial measurement of spatiotemporal
parameters, joint kinematics, and musculotendon excursions.
The longitudinal study evaluated the progress of pediatric manual wheelchair users

undergoing a 7-week intensive community therapy camp. The program offered at the camp
included structured activities, intensive individual and group therapy sessions, and a high level of
daily mobility and activity participation. The study indicated that therapeutic modalities
conducted for general upper extremity function, with no wheelchair-specific training, led to
changes in type and increase in size of propulsion pattern (distance traveled by the 3rd metacarpalphalangeal joint), differences in shoulder kinematics, and increased musculotendon excursion.
The propulsion pattern employed by an individual subject was found to be a significant factor in
predicting their response to intensive community-based therapy. Thus, biomechanics of pediatric
manual wheelchair users improve as a result of intensive therapy, and propulsion pattern can
influence the degree of improvement.
Aim 3 tested the following hypotheses:
•

Visual biofeedback with kinematic assessment effectively trains pediatric manual
wheelchair users to use common propulsion patterns.

•

Training response, in terms of learning and kinematics, is related to the kinematic
complexity (degrees of freedom) of the propulsion pattern employed.

•

The motor learning process in propulsion training is related to underlying changes in joint
and musculotendon kinematics.

Approaches used to test these hypotheses included:
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•

Developing a biofeedback component for the system and performing a pilot study to
analyze the training protocol.

•

Statistical comparison of the motor learning process, parameters, and kinematics among
the trained patterns.,

•

Investigating the joint and muscle changes during training, using jerk analysis, to
describe and differentiate musculoskeletal injury risk among propulsion patterns.

Based on the hypotheses and approaches applied, several insights were gained from the study:
•

Visual biofeedback and kinematic assessment during pediatric manual wheelchair
propulsion is effective in training users to modify propulsion pattern.

•

The kinematic complexity (degrees of freedom) of a propulsion pattern influences
training response in terms of learning difficulty and kinematic variables.

•

Jerk in musculotendon complexes is pattern-dependent and frequently peaks during the
vulnerable eccentric contraction of key muscle groups, implying an elevated patterndependent injury risk, particularly in the DLOP pattern.
Studying the effect of visual biofeedback-based wheelchair propulsion training on joint

and muscle kinematics in pediatric manual wheelchair users undergoing an intensive community
therapy program revealed differences in efficacy of training users on the four common wheelchair
propulsion patterns. Propulsion pattern kinematic complexity impacted training efficacy (with
more complex patterns with higher DOF such as DLOP requiring more training), and intersubject response (with differences in speed of adaptation). Analysis of training revealed no
significant difference in final training efficacy among propulsion patterns, and that an average of
9 propulsion cycles were needed to obtain greater than 90% accuracy. The trained patterns
exhibited significant differences in joint kinematics and musculotendon excursion, especially at
the shoulder, which suggests the possibility of propulsion pattern-dependent injury risk.
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These studies represent several key, novel contributions to the literature on pediatric
manual wheelchair propulsion biomechanics.
•

Markerless technology with musculoskeletal modeling was found to be practical,
repeatable and effective in quantifying therapeutic outcomes for pediatric manual
wheelchair users.

•

Pediatric manual wheelchair users undergoing an intensive therapy program without
wheelchair-specific training experienced changes in propulsion pattern type and size
(distance traveled by the 3rd metacarpal-phalangeal joint), toward a qualitatively
smoother, larger, more semicircular pattern.

•

The propulsion pattern employed by pediatric manual wheelchair users was significant in
predicting the kinematic response to intensive therapy, regardless of diagnosis.

•

Pediatric manual wheelchair users can be successfully trained on each of the four
common propulsion patterns using visual biofeedback, and more kinematically complex
patterns with higher degrees of freedom exhibit greater inter-subject response variability
and longer training time.

•

In pediatric manual wheelchair users trained on the four common propulsion patterns,
there are significant musculoskeletal differences at the shoulder, suggesting patterndependent injury risk during the eccentric shoulder musculotendon contraction, the
magnitude of which is inversely related to muscle stress, at transition from propulsion to
recovery phase in this population.

5.3 Limitations
Aim 1 developed a novel markerless wheelchair propulsion kinematic assessment
platform that combines consumer motion capture technology with advanced musculoskeletal
modeling techniques. The system was assessed through clinical research (Aim 2) to have high
inter-trial measurement repeatability and significant correlation with physical and occupational
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therapist-described progress, but the joint kinematics and musculotendon kinematics have not
been validated against a clinical gold-standard system. This type of validation is difficult to
perform, because the marker-based systems require a set of infrared-reflective skin-attached
markers to detect motion, which adversely affects the markerless detection of the infrared motion
capture sensors. Previous work [Rammer et al., 2014] compared the Kinect sensor against
goniometry measurements and found a high degree of accuracy and precision in the
measurements. While the validation is limited compared to clinical marker-based motion capture
systems, it is important to note that the markerless system is not designed for the same level of
detailed, highly precise measurements, like those required for surgical planning. It is instead
intended to supplement the capabilities of clinical motion laboratories, making the key aspects of
quantitative outcome measures easier to access.
The OpenSim model applied in the system has several key limitations that should be
noted. The scaling process in OpenSim is limited, especially for small pediatric subjects, and
relies on marker locations, anthropometric measurements, and basic anthropometric standards to
proportionally scale the model. In the system developed here, both anthropometric measurements
and Kinect-derived kinematics are input to the scaling process, which effectively trains the
OpenSim model based on the Kinect-detected model. However, this limitation could still impact
muscle behavior reporting and should be considered, particularly in conditions such as cerebral
palsy with spasticity involvement in the upper body. For example, the standard technique of
scapulohumeral rhythm to estimate shoulder kinematics is not necessarily applicable in that case.
This may be compounded with the limitations of muscle scaling in OpenSim.
An additional limitation is related to the interpretation of shoulder data from the model.
Several different interpretations exist regarding shoulder data, so even if the data is accurate it
may not be readily interpreted. This is an issue with all musculoskeletal models of the shoulder
and not specifically the one used in this system. In the specific model used in this development
(Saul et al., 2014), the glenohumeral joint is not directly mapped to the sagittal plane, so
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comparing the kinematics of this joint to those computed by other models may not be valid. It is
expected that research in the future will find a common methodology for describing shoulder
motion. For the purposes of the studies contained in this work, the primary comparisons are
within-subject and not comparing detailed shoulder kinematics with other model results, reducing
the impact of this limitation.
Aim 2 described the longitudinal response of pediatric manual wheelchair users to a 7week intensive physical and occupational therapy program. The study had several limitations
which should be addressed by future work. The population was small and not homogeneous,
made up of children with a variety of pathologies. This was accounted for in the analysis by using
paired statistical methods, so that each subject was effectively acting as their own control over the
three repeated assessments. Thus, the results cannot be construed to provide any specific insight
into physiotherapeutic care for cerebral palsy, spina bifida, or Charcot-Marie-Tooth disorder, but
instead should be viewed as general insights for pediatric manual wheelchair users. An additional
limitation of Aim 2 is the task-specific nature of the activity-based standardized assessment
protocols. It is possible that the activity-based assessments acted as part of the therapy and
influenced the results. In future studies, this could be controlled by using survey-based
assessments and a control group.
Aim 3 added wheelchair propulsion training to the system and performed a study to
assess the response to training in pediatric manual wheelchair users. Small sample size is a
limitation of this study – it was designed to learn more about the response to training in this
population. The findings had sufficient power for them to be statistically significant in this case.
A second limitation is the propulsion patterns trained. The pediatric manual wheelchair users
were only trained on the four common propulsion patterns identified in adults (arcing,
semicircular, single-looping-over, and double-looping-over), and not on the in-between patterns
that have been proposed by studies of pediatric populations. The four patterns were chosen
because they represent very different and clear propulsion strategies, and are distinct
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representations of the extremes of manual wheelchair propulsion techniques. This provides
insight on how the most common patterns differ in training response and kinematics. This study
did not assess retention of propulsion training, a further limitation. The study was focused on the
training process itself, and visual biofeedback efficacy in the pediatric population, rather than
assessing training retention.
In Aims 2 and 3, each subject used their own daily-use manual wheelchair, which was
not evaluated or adjusted for the purposes of this study. It is assumed that the wheelchair was
configured properly. If this assumption is incorrect, the muscle length changes during propulsion
could be affected. In future work, this wheelchair configuration should be assessed prior to
beginning a study.
The combined research of this project develops a markerless wheelchair propulsion
assessment system and performs clinical research to learn more about physiotherapeutic response
and training methodology for pediatric manual wheelchair users. Key limitations of the overall
work include small subject populations, diverse conditions represented, and limitations on the
propulsion patterns trained. Future work in this field is suggested to address these limitations and
continue developing knowledge of physiotherapeutic response and propulsion training in
pediatric manual wheelchair users.
5.4 Future Directions
The markerless wheelchair propulsion kinematic assessment and training system
developed, evaluated, and implemented in this research has additional applications outside the
clinical and therapeutic area. The system has been installed and used in international outreach
efforts, with significant ease of use and successful research outcomes. In the future, it is hoped
that the cost-effective nature, portability, and ease of use of the technology could extend
outcomes assessment and physiotherapeutic care into community and home settings. This
proposed shift would have significant impact on research for pediatric manual wheelchair use,
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allowing study of long-term biomechanical changes while minimizing impact and burden on
standards of care. The system would also be ideally suited for telerehabilitation implementation,
by adding a communication component, so that physical therapists and other clinicians could
better allocate clinical resources and maintain patient engagement.
It is vital that future research regarding therapeutic response and training techniques of
pediatric wheelchair propulsion patterns include patterns that deviate from the four common adult
patterns. One of the key questions in this field is determining the pattern that is most effective,
with the least risk of injury, in pediatric patients who use manual wheelchairs. Including other
patterns which fall in between the four common patterns may lead to additional insight.
Future research on training efficacy in pediatric manual wheelchair users should be
conducted longitudinally, to determine the retention of training outcomes in the population. This
work has found that response to physiotherapeutic intervention differs based on propulsion
pattern employed, so future work could continue this effort to identify which pattern most
significantly improves response to therapy long-term, including the impact of training retention.
This, together with injury risk assessment, could lead to significant improvements in the care of
manual wheelchair users. It is suggested that joint kinematics and musculotendon excursions
could be implemented in a model to determine the ideal propulsion pattern in a subject-specific
manner, to minimize the adverse effects of a self-selected pattern. This model should take into
account other factors that may be important, such as fatigue levels and perceived or actual
exertion.
Additional data collected in a research setting could further detail the physiological basis
for the results seen in this study. For instance, adding kinetics (through force detection or load
cells) to the model would allow computation of the individual forces of the muscles and net
forces and moments applied to the joints. Specifically, the shoulder should be a primary focus
area for this analysis. Further, electromyography (EMG) of the key muscle groups acting during
wheelchair motion would allow analysis of the relative contribution of each muscle group among

119
patterns. This would permit analysis of pattern-dependent muscle contribution, as well as
identifying the possible changes in musculoskeletal response of individual patients. Both would
advance this work significantly and are recommended to be included in future clinical research.
This study assessed therapeutic response in a heterogeneous population. No significant
effect of diagnosis was observed in the statistical analysis, but future work seeking to develop
patient-specific care strategies should study a more homogeneous population. Thus, it is
suggested that spina bifida, spinal cord injury, Charcot-Marie-Tooth disorder, and cerebral palsy
be studied separately in the pediatric population.

5.5 Conclusion
This dissertation developed and assessed a new outcome measurement technology for
propulsion assessment in pediatric manual wheelchair users, demonstrated its efficacy, and used it
to describe several key contributions to the sparse literature on response of pediatric manual
wheelchair users to therapy. Research demonstrated that propulsion pattern plays a significant
role in response to physical and occupational therapy in this population, suggested its contribution
to injury risk, and determined an effective training methodology. Future work along the trajectory
of this research is suggested to further advance the field and provide improved quality of care to
pediatric manual wheelchair users.
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APPENDIX A: A PORTABLE, LOW-COST WHEELCHAIR ERGOMETER DESIGN BASED
ON A MATHEMATICAL MODEL OF PEDIATRIC WHEELCHAIR DYNAMICS

This work was published as a short paper: Rammer et al., Proceedings of RESNA, 2015,
and is included here to provide more depth and insight into the development activities resulting
from the project.
ABSTRACT
Evaluation and training of wheelchair propulsion improves efficiency and prevents
orthopaedic injury in pediatric manual wheelchair users. Ergometers allow static propulsion and
emulate typical conditions. Currently available ergometers have deficiencies that limit their use in
motion analysis. A new ergometer is developed and evaluated based on a model of wheelchair
inertial dynamics that eliminates these deficiencies. This makes integrated motion analysis of
wheelchair propulsion in current community, home, and international outreach efforts possible.
BACKGROUND
Pediatric manual wheelchair users (MWU) include children with cerebral palsy and other
orthopaedic disorders, including traumatic spinal cord injury. MWU, especially when
inexperienced, have increased risk of upper extremity (UE) orthopaedic injuries, particularly to the
wrist, shoulder, and rotator cuff [Mercer et al.]. Research identified common functional approaches
to propulsion, differentiated by sagittal hand position relative to the handrim during the recovery
phase [Boninger et al.]. These approaches have differences in kinematics observed at each of the
UE joints and in the muscle activity patterns that produce the motion. Therapists typically train
MWU in a patient-specific propulsion methodology focused on reducing risk of biomechanical
injury and increasing efficiency in everyday mobility.
Functional Assessment and Telerehabilitation
Laboratory-based motion capture technology has been combined with UE musculoskeletal
models to evaluate orthopaedic behavior during wheelchair propulsion [Schnorenberg et al.].
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Recent work has applied low-cost markerless motion analysis and similar UE musculoskeletal
models to allow detailed kinematic assessment outside the laboratory, with a specific focus on
community and home applications [Rammer et al.]. In either method, a wheelchair ergometer is
typically employed to allow static positioning of the MWU while simulating actual propulsion.
The recent development of markerless, low-cost motion analysis enables visual
biofeedback to be employed as a training tool, providing instruction and training to users. A primary
requirement for successful implementation and practicality of such a system is an effective
ergometer design.
Wheelchair Ergometers
Wheelchair ergometers provide a platform on which the wheelchair may be propelled by
users in a static position while simulating the resistance of normal mobility. Systems typically use
rollers connected to a rotating mass designed to provide inertial resistance. Practical application of
these devices as a component of motion analysis techniques has identified a set of deficiencies in
currently available systems:
1. Use of highly polished, reflective materials causes interference with imaging systems that
rely on reflection of infrared light.
2. Size and weight of the ergometer causes issues in transporting it as part of an otherwise
compact motion analysis system to home, community, and international settings.
3. In ergometers that use long continuous rollers, lateral position is not constrained and the
wheelchair has a tendency to drift laterally during aggressive or unbalanced propulsion,
causing inconsistency in detected position, and potential for safety risks.
4. Ergometers typically have multiple resistance settings, but it is unclear how these settings
relate mathematically to the MWU anthropometry and wheelchair specifications. This is
relevant when the objective of a clinical tool or research study is to approximate actual
wheeled mobility conditions.
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5. The cost of commercially available ergometers is prohibitive for outreach or home use. In
the case of a low-cost markerless kinematic system, ergometer cost exceeds the cost of all
other components.
PURPOSE
The purpose of this work was to improve evaluation of wheelchair propulsion and train
users outside a clinical setting through:
1. Identifying and evaluating all factors that influence the inertial dynamics of wheelchair
mobility;
2. Developing a mathematical model of wheelchair propulsion dynamics to translate typical
wheelchair activity to a wheelchair propelled on a static ergometer;
3. Designing, optimizing, and fabricating a novel wheelchair ergometer based on the model;
and
4. Evaluating the design for use in clinic, community, or home settings.
METHODS
Design Requirements
A new wheelchair ergometer is developed to satisfy the identified deficiencies in
commercially available units. The design consists of two separate roller units to be placed under
each of the drive wheels, to accommodate a variety of wheelchair footprints. Independent roller
units eliminate lateral drifting and permit detection of unbalanced motion, also allowing the system
to be significantly more compact and lighter than currently available systems. The roller units are
constructed from aluminum, which is low cost and easy to machine, and off-the-shelf hardware and
mechanical parts. Aluminum parts have a brushed finish to avoid reflections. A model is developed
that bases the ergometer configuration on user anthropometry and wheelchair specifications.
Conceptual Design
The proposed ergometer (Fig. 1) consists of two separate roller units, each having two large
drive wheels and smaller lateral support wheels, and two front wheel support stands. The rotating
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inertial resistance unit consists of a set of 2.5-lb standard barbell plates, driven by a roller chain
setup.

Figure 1: CAD Roller Unit Design: Support wheels (A) guide lateral motion; Drive wheel (B)
actuates 2.2:1 chain drive (C); Drive shaft (D) actuates 1.6:1 chain drive (E); Shaft (F) contains
rotary and lateral bearings to support attachment of multiple 2.5-lb plates (G).
Analysis of Pediatric Wheelchair Mobility
To develop a model sufficiently describing wheelchair mobility dynamics, key factors must
be identified. User anthropometrics include the mass (for inertia), height, and arm length (relevant
to wheelchair selection) of the user. The wheelchair has a mass (affecting linear inertia), wheel/tire
diameter, tire contact patch, internal friction, rotational mass of the wheels (affecting rotational
inertia), and friction between the wheels and the ground.
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Figure 2: Model – Standard (L) vs. Ergometer (R) Propulsion
Mathematical Model Development
For the initial application, simplifying assumptions are made. Internal friction and inertia
of the wheelchair are considered to be minimal, and similar in either actual propulsion or ergometer
cases. Friction and contact patches between the wheelchair drive wheel tire and ground are assumed
to be the same and friction between the front wheels and the ground is neglected. Any effect of
friction due to wind resistance during propulsion is presumed to be insignificant. A level propulsion
surface and constant gravity are assumed, ignoring potential energy due to change in elevation.
An initial model (Fig. 2) is proposed based on the law of conservation of kinetic energy.
The sum of the linear kinetic energy components (Eq. 1) of normal wheelchair propulsion is equated
to the sum of rotational kinetic energy components (Eq. 2) of ergometer propulsion (Eq. 3).
$

𝐸" = 𝑚𝑣 % (1)
%

$

𝑇" = 𝐼𝜔 % (2)
%

𝐸" =

𝑇" (3)

Roller units consist of multiple internal components that produce rotational inertia. Since
appropriate ball, roller, and thrust bearings are specified throughout, friction of internal components
is ignored. Drive components, including wheels (rubber on aluminum hub), sprockets and roller
chain (steel), drive shafts (Al), and weight plates (cast iron) each have angular velocities dependent
on their location in the drivetrain (Eqs. 4-7 below) and mass moments of inertia calculated using
models produced in CAD software.
𝑅-. =

-/0
-1/

(4)

𝜔-. =

%×31/
-/0

(5)
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𝜔45 =

%×31/ ×316
-/0

(6)

𝜔.7 =

%×31/ ×316 ×318
-/0

(7)

Combining all terms and simplifying (Eq. 8) results in a model describing the wheelchair
and subject mass simulated by the ergometer based on the components, number of weight plates
attached, wheelchair size, and subject anthropometry.
𝑚.9 + 𝑚; = 4×𝐼-. + 2×𝐼>4 𝜔-. % + 2×𝐼44 + 2×𝐼>4 + 2×𝐼45 𝜔45 % +
2×𝐼.7 + 2×𝐼44 𝜔.7 % (8)
The model is implemented as a MATLAB function, allowing analysis with varying inputs.
The function was used to refine the mechanical design of the ergometer and to create standardized
guidelines for configuring the ergometer based on wheelchair wheel diameter and subject mass.
Final Mechanical Design, Fabrication, and Evaluation
The ergometer system was fabricated using standard hand and manual machine tools. The
side panels were cut from bar stock using a metal cutting band saw, and holes drilled in appropriate
locations. Drive shafts and plate attachment systems were machined on a metal lathe and vertical
mill, and sprockets attached using drift pins. All parts were ground and sharp edges filleted. Finally,
the system was assembled according to the design and tested for function.
Functional testing was performed in the laboratory with five wheelchairs of varying size
and configuration, and multiple configurations of the inertial mass. The markerless motion analysis
system was used to determine if any image artifacts (i.e. reflections of infrared light) were observed.
RESULTS
Mathematical Model Results
The model produced weight ranges simulated by the ergometer based on the application of
1, 2, or 3 weight plates to both roller units. This linear relationship between user weight and required
inertia is demonstrated in Fig. 3.
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Subject Weight vs. # of Plates
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Figure 3: Weight Ranges for Applied Plates
To assist in clinical application of the ergometer, the results of the above simulations may
be distilled into weight ranges for given system configurations, shown in Table 1. The table is read
left to right, first selecting the wheel diameter, then the range containing user weight, and applying
the indicated number of weight plates to each roller unit.
Table 1: Ergometer Setup Clinical Guidelines
WD (in)
20

22

24

WD (cm)
50.8

55.9

61.0

WT (lb)

WT (kg)

# PL (ea)

13-64

5-29

1

65-115

30-52

2

116-167

53-76

3

20-82

9-37

1

83-144

38-65

2

145-207

66-94

3

28-102

12-46

1

103-176

47-80

2

177-250

81-114

3
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WD (in)
26

WD (cm)
66.0

WT (lb)

WT (kg)

# PL (ea)

37-123

16-55

1

124-210

56-95

2

211-296

96-135

3

Note: WD = wheelchair wheel/tire diameter; WT = subject weight; #PL = number of weight plates
attached to each roller unit
Fabrication Process and Completed Ergometer
The final ergometer device consists of two roller units and two front wheel supports, with
a total quantity of 166 parts (Fig. 4). The total cost of the system was $375, including raw materials
and all hardware and premade parts.

Figure 4: Assembled Ergometer System

Figure 5: Ergometer with Wheelchair (24” Wheel)
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Initial Evaluation Results
Five wheelchairs of varying sizes and designs were tested with the system (Fig. 5) to ensure
broad compatibility. Markerless motion capture was used to record upper extremity motion, and
test the system for compatibility with infrared depth imaging with a 24”, sport-style wheelchair.
No image artifacts were observed, and the system provided a successful base for wheelchair
propulsion evaluation.
DISCUSSION
Motion analysis systems provide detailed evaluation of functional behavior during actual
tasks. In the case of gait, these systems are able to accommodate a full gait cycle and produce valid
results. Since wheelchair propulsion is a cyclic motion with greater inertial dependence than gait,
a longer distance is required for full evaluation of steady-state motion, which most motion analysis
labs and home or community settings do not have. Therefore, ergometers can be used to simulate
propulsion over longer distances in confined areas.
Many of the current roller systems on the market appear to focus on resistance or endurance
exercise rather than accurate simulation of propulsion. Additionally, the devices have deficiencies
in size, weight, cost, materials, and lack lateral stability. These issues needed to be resolved prior
to the proposed use of motion analysis technology in home, community, and remote outreach
settings.
The ergometer uses separate roller units, and is based on a model including user
anthropometry and wheelchair specifications. Increased portability allows the ergometer to be
integrated into compact motion analysis systems for remote use. The lateral stability and
mathematical basis of the new ergometer promote improved validity and confidence in its ability
to simulate propulsion. Table 2 compares the new design with a current commercial product.
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Table 2: Ergometer Comparison (all values approximate)
System
McLain
System

Weight (lb)
Roller ~60 lb

New Ergometer

~ 35 lb

Size (in)

Cost ($)

40”x66”x7”

$900-1000 retail

(2) 5”x5”x22”
4”x4”x6”

&

(2)

$375
parts/etc.

for

Study Limitations
The present study developed a dynamic model, and evaluated the ergometer subject to
simplifying assumptions, but did not validate the inertial dynamics of the system. Further validation
is suggested before relying on the accuracy of the model. Testing of the device was limited to a
pilot evaluation. A more complete evaluation with MWU is suggested. The ergometer design is
limited to using 2.5 pound weight plates, producing broad weight intervals. In the future, 1.25
pound plates are suggested to allow finer adjustment.
Clinical Applications
The ergometer system will be used with markerless upper extremity motion analysis
systems to detect wheelchair propulsion. The overall system, including the motion analysis
technology and ergometer, is a compact, portable, cost-effective means to detect detailed UE
kinematics. Directed training software using real-time visual biofeedback to promote propulsion
patterns with maximum efficiency and minimum injury risk will be used to analyze and train
wheelchair users in a community therapy setting (through collaboration with a camp for children
with physical disabilities), and in international outreach clinics. Further development will create a
home training platform with remote therapist contact.
CONCLUSION
The purpose of the present study was to improve our ability to evaluate and train manual
wheelchair users in a variety of environments by developing a new wheelchair ergometer. The
resulting device and an associated dynamic model provide improved compatibility with motion
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analysis cameras, lateral stability, and configurability based on user anthropometry and wheelchair
specifications. In addition, the size, weight, and cost of the device are significantly less than
currently available commercial products. Results indicate that the device is appropriate for use in
remote, underserved, or home settings. Future work is suggested to employ smaller weight plates,
evaluate the inertial dynamics of the device using mechanical testing equipment, and perform a
thorough validation of the safety of the device prior to clinical use.
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APPENDIX B: DATA – RESPONSE OF MANUAL WHEELCHAIR USERS TO 7-WEEK
INTENSIVE THERAPY PROGRAM

This appendix provides exemplar subject data to support Aim 2 (Chapter 3) of the
dissertation. These examples demonstrate the kinematic changes observed in the subjects over the
7-week longitudinal study, and present the data used for the analysis described in Chapter 3. The
data provided on the following pages includes:
•
•
•
•
•
•
•
•
•
•
•

Subject #001 Week 1 (2 pages)
Subject #001 Week 4 (2 pages)
Subject #001 Week 7 (2 pages)
Subject #009 Week 1 (2 pages)
Subject #009 Week 4 (2 pages)
Subject #009 Week 7 (2 pages)
Subject #020 Week 1 (2 pages)
Subject #020 Week 4 (2 pages)
Subject #020 Week 7 (2 pages)
Wheelchair Propulsion Test Results for all Subjects (1 page)
Demographics and Responders to Therapy Results for all Subjects (2 pages)
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EXEMPLAR DATA
PATIENT #001
WEEK 1

153

154
WEEK 4

155

156
WEEK 7

157

158

PATIENT #009
WEEK 1

159

160
WEEK 4

161

162
WEEK 7

163

164
PATIENT #020
WEEK 1

165

166
WEEK 4

167

168
WEEK 7

169

170

WEEK

TIME (s)

CYCLES

SPEED (m/s)

1
1
1
2
2

1
4
7
1
4

10.1
9.7
9.5
11.7
8.15

9
7
7
12
8

0.990
1.030
1.052
0.854
1.226

003
009
009
009
012

2
3
3
3
4

7
1
4
7
1

8
11.7
10.7
8.8
9.1

9
7
7
5
10

012

4

4

7.9

11

012
017
017
017
018
018
018
020
020
020
024
024
024
045
045
045

4
5
5
5
6
6
6
7
7
7
8
8
8
9
9
9

7
1
4
7
1
4
7
1
4
7
1
4
7
1
4
7

6.2
17.2
13.2
11.9
43.2
23.2
19.1
9.8
10.1
8.4
21.1
20.8
20.3
30
78
88

8
12
8
8
17
11
8
8
8
8
29
30
29
40
53
58

1.25
0.854
0.934
1.136
1.098901
099
1.265822
785
1.612
0.581
0.757
0.840
0.231
0.431
0.523
1.020
0.990
1.190
0.473
0.480
0.492
0.333
0.128
0.113

EFFECTIVENESS
(m/cyc)

SUBJECT #

001
001
001
003
003

CADENCE (cyc/s)

SUBJECT ID

DETAILED RESULTS – WHEELCHAIR PROPULSION TEST (WPT)

0.891
0.721
0.736
1.025
0.98159509
2
1.125
0.598
0.654
0.568
1.098

1.111
1.428
1.428
0.833
1.25

1.392

0.909

1.290
0.697
0.606
0.672
0.393
0.474
0.418
0.816
0.792
0.952
1.374
1.442
1.428
1.333
0.679
0.659

1.25
0.833
1.25
1.25
0.588
0.909
1.25
1.25
1.25
1.25
0.344
0.333
0.344
0.25
0.188
0.172

1.111
1.428
1.428
2
1
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ORTHOSIS

PT ASSESS

OT ASSESS

PT WK DUR

OT WK DUR

PT STRENGTH

PT BAL CORE

PT MOTOR PLAN

PT STRETCHING

WC TRAIN

OT FUNC ADL

OT COORD

OT FINE MOTOR

0

0

0

0

0

0

0

0

0

0

0

1

0

1

1

0

1

1

0

0

1

0

0

0

1

0

1

1

0

1

1

0

0

0

0

0

0

0

0

0

0

16
5
16
5
0

0

0

0

0

0

0

0

0

0

0

0

1

1

1

0

0

1

1

0

1

0

1

1

0

1

0

0

1

1

0

0

8

0

0

0

13
5
13
5
0

1

0

15
0
15
0
0

0

0

0

0

0

0

0

0

AR
C
AR
C
SC
AR
C
SC

8

0

0

0

90

1

1

1

1

0

0

1

0

8

0

1

1

90

1

1

0

0

1

0

0

0

5
5

1
1

0
0

0
0

24
0
24
0
0
60

0
0

0
1

0
0

0
1

0
0

0
0

0
0

0
1

5

1

1

1

60

0

1

0

1

0

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

1

1

60

60

0

0

1

1

1

1

0

1

CP

SC

0

1

1

60

60

0

0

0

0

1

1

0

0

CP

AR
C
SLO
P
AR
C
SC

1
1
1
1
1
1
1

0

CP

AR
C
SC

0
10
5
10
5
0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

0

1

0

1

1

1

1

0

0

1

1

0

1

0

0

0

1

0

1

1
0

0

0

0

13
5
13
5
0

1

1

10
5
10
5
0

0

0

0

0

0

0

0

0

DIAG

AGE

SESSIONS

001
003

0

7

M 8

SB

1

M 1
5
M 1
5
M 1
5
M 1
5
M 1
5
M 1
5
M 1
5

CP

7
1
4

009

0

1
4

7

4

012

1

SB

1

7

4
017

AR
C
AR
C
AR
C
AR
C
AR
C
AR
C
SC

M 1
2
M 1
2
M 1
2
F 1
0
F 1
0
F 1
0
M 1
6
M 1
6
M 1
6
M 8
M 8

4

7
1
4
7
1

02
0

018

PATTERN

1

GENDER

WEEK

SUBJ

DETAILED RESULTS – DEMOGRAPHICS/RESPONDERS TO THERAPY

SB
SB
SB
SB
SB
SB
SB
SB
SB
SB

CP
CP
CM
T
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4

1

M 1
5
M 1
5
M 6

CM
T
CM
T
CP

4

M 6

CP

7

M 6

CP

1

M 1
2
M 1
2
M 1
2
F 1
7
F 1
7
F 1
7

CP

024

7

044

4
7
1

045

4
7

CP
CP
CP
CP
CP

SC
SC
DL
OP
SC
SLO
P
SLO
P
SLO
P
DL
OP
DL
OP
SLO
P
SC

1
0
1
0
0

0

1

1

90

1

1

0

1

0

1

0

1

90

1

1

0

1

0

1

0

1

0

18
0
18
0
0

0

1

1

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

90

0

1

0

0

0

1

1

0

0

1

1

90

1

1

0

0

1

1

1

0

0

1

0

0

0

10
5
10
5
0

0

0

0

0

0

0

0

0

0

0

1

1

1

90

1

0

0

1

0

1

1

0

0

1

1

1

90

0

1

0

0

1

1

1

0

4

0

0

0

0

13
5
13
5
0

0

0

0

0

0

0

0

0

4

0

1

1

60

1

1

0

1

0

1

0

0

4

0

1

0

60

13
5
13
5

0

1

0

0

1

1

0

0
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APPENDIX C: EXEMPLAR DATA – WHEELCHAIR PROPULSION TRAINING

This appendix provides exemplar subject data to support Aim 3 (Chapter 4) of the
dissertation. These examples demonstrate the kinematic differences observed in the subjects
among the propulsion patterns trained, and include the data used for the analysis described in
Chapter 4. The data provided on the following pages includes:
•
•
•
•

Example Output for Arcing (ARC) Propulsion Pattern (2 pages)
Example Output for Semicircular (SC) Propulsion Pattern (2 pages)
Example Output for Single Looping Over (SLOP) Propulsion Pattern (2 pages)
Example Output for Double Looping Over (DLOP) Propulsion Pattern (2 pages)
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ARCING PROPULSION PATTERN

175

176
SEMICIRCULAR PROPULSION PATTERN

177

178
SEMI-LOOPING-OVER PROPULSION PATTERN

179

180
DOUBLE-LOOPING-OVER PROPULSION PATTERN
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